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Abstract  
 
The processing of laterite ores for the recovery of nickel and cobalt has increased as the 
reserves of exploitable sulphide ores have become depleted. The pressure acid leach 
process (PAL) has become the preferred option for the treatment of laterite ores. 
Difficulties associated with the poor settling characteristics of the pulp in the counter 
current decantation (CCD) circuit after pressure leaching has resulted in as much as 
10% of the soluble nickel and cobalt reporting to the tailings. The objective of this 
project is the development of an alternative processing step for the recovery of soluble 
nickel and cobalt from the PAL tailings using resin-in-pulp (RIP) technology.  
Commercially available chelating resins with the iminodiacetate functional group have 
been studied for their suitability for the adsorption of nickel and other metal ions from 
PAL tailings pulp. The Amberlite IRC 748 resin was found to be superior despite its 
lower nominal loading capacity. The resin with the highest nominal capacity was 
observed to adsorb less nickel as a result of the adsorption of greater amounts of the 
impurity ions. The equilibrium loading for nickel on the preferred resin was found to be 
similar from the ammonium and protonated form of the resin although the kinetics of 
adsorption is greater when the resin is initially in the ammonium form.   
A comprehensive study has been made of the equilibrium adsorption of several metal 
ions on the resin as a function of the equilibrium pH of the solution. A relatively simple 
model of the equilibrium adsorption which includes the effect of pH has been developed  
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and the results compared with the experimental data obtained in the M
2+/Na
+/H
+ system. 
The model which requires two equilibrium constants has been found to fairly well 
describe the experimental results.  
A study of the kinetics of the loading of nickel and cobalt from both solutions and pulp 
has shown that the rate can be described in terms of a first-order approach to 
equilibrium. The kinetic and equilibrium parameters were used to simulate the 
performance of a multi-stage counter current resin-in-pulp operation  A semi-
quantitative study of the elution of the adsorbed metal ions from the resin by dilute 
sulphuric acid solutions was also undertaken. 
The technical feasibility of the RIP process for the recovery of nickel and cobalt from 
the PAL tailings has been successfully demonstrated in both laboratory and pilot-plant 
studies using a five-stage adsorption process. Important parameters such as the 
operating pH and the residence times of pulp and resin in each stage were identified 
through the batch test work coupled to the simulation procedure.  
The optimum pH for adsorption was found to be in the range 4 to 5 as this pH is high 
enough to maximise the adsorption of nickel and cobalt while preventing precipitation 
of nickel and cobalt as hydroxides from the pulp. A method for minimizing the 
competition from more strongly loaded ions such as iron(II) and chromium(III) which 
are present in the pulp was also developed in the initial laboratory phase of the project 
and utilized during the pilot operation.  
Problems associated with the preparation of the pulp preparation, elution of the loaded 
resin and control of the adsorption train were resolved during several pilot plant runs on 
site at a local PAL plant. These and other minor improvements and adjustments to the 
operating procedure culminated in a successful continuous run for several days during  
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which the target recovery of 90% for nickel and 60% for cobalt was exceeded 
throughout the run.  
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Chapter 1 
Introduction  
1.1  Nickel 
Nickel (Ni) is a lustrous, silvery-white metal with atomic number 28 and atomic mass of 
58.71. Its metallurgical advantages include a high melting point of 1453
oC, high 
resistance to corrosion and oxidation, good thermal and electrical conductivity, 
ferromagnetic properties, catalytic behaviour, ease of electroplating and excellent 
strength and toughness at elevated temperatures. 
Nickel is extracted from both sulphide and laterite (oxide) ores in about 20 countries 
around the world. Its final products are available in the form of cathode, powder, 
briquette and pellet. Other main products are ferronickel and nickel chemicals. The 
main markets for nickel are stainless steel, non-ferrous alloys and alloys (Figure 1.1) 
which are used in building industries, cutlery, aerospace and military applications. 
Nickel is also used in batteries, fuel cells and coins. About two thirds of the nickel 
produced is being consumed by the stainless steel industry, which has been growing at 
the rate of 5-6% per annum in the last 20 years.   
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Figure 1.1  Markets for nickel 
 
1.2  Cobalt  
Cobalt (Co) is a brittle, hard, transition metal with magnetic properties. It has an atomic 
number of 27 and an atomic mass of 58.9. It is alloyed with iron, nickel and other 
metals to produce corrosion and wear resistant products used in high temperature 
applications such as jet and gas turbine engines. Cobalt oxide is used as an additive to 
give brilliant and permanent blue colours in paint, glass and ceramics. Cobalt does not 
occur as a native element and is generally only produced as a by-product from the 
mining of nickel and copper. 
The following review will only focus on nickel.   
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1.3  The Production of Nickel in Western Australia 
Western Australia (167,000 tonnes in 2001) is the third largest nickel producer behind 
Russia (250,000 tpa) and Canada (230, 000 tpa). Currently, there are nine nickel ore 
mining operations in Western Australia.  
WMC Resources Ltd has been Australia’s largest nickel producer for more than 30 
years. All of the three large WMC’ mines produce high grade concentrates, typically 
containing 12 to 20 % nickel and 30 to 40% sulphur which are smelted to matte at the 
Kalgoorlie Nickel Smelter. About half of the matte produced is refined at WMC’s 
Kwinana Nickel Refinery using the Sheritt Gordon Process producing nickel as powder 
and briquettes. The balance of the matte is exported.  
The nickel sulphide products from Outokumpu’s operations are refined in Finland. A 
small mine operation owned by Titan Resources at Radio Hill sell their concentrates to 
WMC for smelting.  
While the State’s nickel industry has established itself as a global leader based on the 
mining of sulphide ores, it is the three new laterite projects that are attracting the 
attention of the international nickel community. Easy mining and cobalt credits from 
these three projects is believed to have heralded the start of a new era of low cost nickel 
production which could have a significant impact on the world’s nickel industry in this 
decade. These three laterite project with a combined capital expenditure of over AU 
$1.5 billion were expected to boost the nickel production up to 319,000 tonnes by 2003, 
thus making Australia the world’s largest nickel producing nation.  
However, none of the production schedules at the three projects has gone smoothly 
since their first production in 1999. Lower than expected recoveries and continued  
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technical problems during the long ramp-up periods have kept costs of production well 
above budgeted levels and resulted in severe financial problems at all three PAL 
projects.  
Of the three laterite projects, only Cawse achieved full operating capacity while Bulong 
approached 90% of capacity. Murrin Murrin, by far the largest, is only operating at less 
than 80% of design capacity. Recently, the Cawse operation ceased production of metal 
and is now exporting a mixed nickel/cobalt hydroxide intermediate product. The Bulong 
operation has also ceased operation in late 2003. 
In 2001 three new sulphide projects (Emily Ann, Cosmos and RAV 8) also started 
production.  Table 1.1 shows the operating sulphide and laterite nickel mines in Western 
Australia.  
Table 1. 1    Western Australian nickel mines 
Mines  Owner  Ore type  2001 production  
(Kt) 
Mt Keith  WMC  Sulphide  47 (in conc.) 
Leinster  WMC  Sulphide  40 (in conc.) 
Kambalda  WMC  Sulphide  18 (in conc.) 
Silver Swan  Outokumpu  Sulphide  13 (in conc.) 
Cygnet  Outokumpu  Sulphide  20 (in conc.) 
Radio Hill  Titan Resources  Sulphide  5 (in conc.) 
New Producers      Projected output, pa 
Murrin Murrin  Anaconda/Glencore  Laterite  45 Ni + 3 Co 
Bulong  Resolute  Laterite  9 Ni + 0.7 Co 
Cawse  OM Group  Laterite  9 Ni + 2 Co 
Emily Ann  LionOre  Sulphide  6.7 (in conc.) 
Cosmos  Jubilee Gold Mines  Sulphide  10 (in conc.) 
RAV 8  Tectonic Resources  Sulphide  Ore is treated at Kambalda 
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1.4  Potential Nickel Developments 
A considerable number of new nickel projects, which involve both sulphides and 
laterites are at various stages (Table 1.2) of feasibility study and development. There are 
more than twelve new generation PAL laterite projects currently at feasibility stage 
around the world. In Australia, long periods of commissioning and cost overruns 
experienced by the existing PAL plants have slowed the progress of the new projects to 
varying degrees.  
The problems experienced at Murrin Murrin, Bulong and Cawse have become a strong 
feature of the planning of newer generation of PAL projects. Thus, extensive pilot 
studies by BHP Billiton are being carried out on the Ravensthorpe deposit in Western 
Australia and Marlborough in Queensland while Syerston in NSW is considering 
operating at significantly higher temperatures and pressures than the three existing 
plants. The Syerston project was given development approval by government in mid 
2001 but to-date the project has been unable to proceed due to insufficient funding 
(Askew, 2001).  
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Table 1. 2    Potential nickel developments in Australia 
Project  Owner  Ore type  Resource  Status 
Ravensthorpe  BHP-Billiton  Laterite  152 Mt (0.09% Ni 
and 0.04% Co) 
Considering 
processing 
options. Further 
pilot scale testing 
and plant 
optimisation to be 
conducted. 
Mt Margaret  Anaconda  Laterite  176 Mt (0.78% Ni 
and 0.045% Co) 
Scoping study 
Kalpini  Heron Resources  Laterite  54.6 Mt (1.09% Ni 
and 0.08% Co) 
Feasibility study 
Pinnacle  Kanowna Light  Laterite  50 Mt (0.7% Ni)  Exploration 
continuing. 
Marlborough  Preston Resources  Laterite  210 Mt (1% Ni 
and 0.06% Co) 
Project pending 
Syerston  Black Range Ltd  Laterite  100.6 Mt (1.06% 
Ni) 
Bankable 
feasibility study 
completed. 
Seeking for fund 
Young  Jervois Mining NL  Laterite  280 Mt (0.58% Ni 
and 0.06% Co) 
Considering 
processing options 
involves heap 
leaching at 
atmospheric 
pressure 
Yakabindie  North Ltd  Sulphide  127 Mt (0.52% Ni 
and 0.01% Co) 
Exploration 
continuing to 
extend resource 
Honeymoon 
Well 
MPI Consortium  Sulphide  118 Mt (0.08% 
Ni) 
Metallurgical 
studies 
Maggie Hays  QNI Ltd/LionOre  Sulphide  9.5 Mt ( 1.6% Ni)  Feasibility study 
North Shoot  LionOre  Sulphide  2.3 Mt (2.03% Ni)  Pre-feasibility 
study 
Sally Malay  Sally Malay Ltd  Sulphide  2.94 Mt  Optimisation 
completed, 
Financing sought 
Avebury Allegiance  Mining  Sulphide  N.  A  Exploration 
continuing 
Carr Boyd  Titan Resources  Sulphide  900,000 t (1.54% 
Ni and 0.52% Cu) 
Feasibility study 
 
 
Jervois Mining NL has turned to The Technology Store Inc (TTS Inc) for alternative 
technology for processing laterites on its Young nickel project in NSW. The technology 
involves heap leaching at atmospheric pressure and ambient temperature conditions.  
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The technology originally developed by BHP is reported to achieve 95% recovery while 
consuming less acid than the PAL process.  
It also appears Anaconda’s Mt Margaret nickel projects will take many years before 
possible production since Anaconda made its nickel laterite operations at Murrin Murrin 
its major priority, and has deferred work on all of its other ambitious mining and 
infrastructure plans. Laterite projects are also being considered at Kalpini and Pinnacles.  
 
1.5  Geology and Mineralogy of Nickel Ores  
1.5.1  Nickel Sulphide Ores 
Nickel occurs in nature as oxides and sulphides.  Sulphide ores are typically found at 
depths of hundreds of meters in a hard rock geological environment. The mineralogy of 
the ore generally comprises pyrrhotite (Fe1-xS), pentlandite (FeNi)9S8, chalcopyrite 
(CuFeS2), and magnetite (Fe3O4).  Of those four, pentlandite is the major commercial 
primary nickel mineral. Sulphide bearing nickel ore is being economically mined with 
grades of 1.5% to 4% in Russia, Canada and Australia.  
 
1.5.2  Nickel Laterite Ores 
Nickel laterite ores are formed through the weathering of nickel-bearing olivine-rich 
ultramafic bedrock such as peridotite or serpentine (Golight, 1981; Krause et al.,1998). 
This occurs when the acidic surface water attacks the bedrock and releases iron, nickel, 
magnesium and silica into solution. In particular, the most soluble portions are washed  
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away, thus increasing the relative concentration of the remaining components. In this 
process the magnesium oxide migrates  downward  while  the  iron  oxides  (Table  1.3          
(Krause et al., 1998)) are less mobile, and hence become more dominant near the 
surface. Significant deposits have been discovered in Australia, Cuba, Indonesia, New 
Caledonia, Papua New Guinea and the Philippines. 
Table 1. 3    Solubility products of metal hydroxides at 25
oC (pKsp) 
Fe(III)  Al  Cr(III)  Cu  Zn  Ni  Co  Fe(III)  Mn  Mg 
37.4  32.7  30.0  19.3 16.3 15.7 15.7  15.3  13.4 11.3 
 
As discussed by Krause (Krause et al., 1998), the ore profiles and mineralogy of laterite 
deposits in humid equatorial climates differs significantly from those in drier equatorial 
climates. The overall depth of deposits tends to be in the range of 20m to 150m, and 
depends mainly on the age and degree of the weathering process.  
The two zones which bear economic nickel are limonite (nickel mixed with hydrated 
iron oxide) and garnierite/saprolite ((Ni, Mg) SiO3.nH2O). The limonite has a distinct, 
rusty reddish colour fading to brown with depth with economic grades of 1% to 2% Ni. 
Saprolite is less weathered and tends to be harder than limonite. It contains high 
magnesia and less iron with grades of 1.5% to 3.5% Ni. This difference in mineralogy is 
the major factor controlling the choice of the treatment process.  
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1.5.3  Characteristics of Australian Laterite Ores 
The three new nickel laterite operations, Murrin Murrin, Bulong and Cawse have opted 
for the pressure acid leaching (PAL) process, which has been used for treating nickel 
laterite at Moa Bay in Cuba for several decades.    
At Murrin Murrin and Bulong, most of the nickel occurs in nontronite, a smectite clay 
rich in nickel and chromium (Camuti and Gifford, 1997; Camuti and Riel, 1996; Kyle, 
1996; Monti and Fazakerley, 1996; Motteram et al., 1996). This type of laterite is 
derived from peridotites, which are high in aluminium and low in silica typical of 
ultramafic rocks (Kyle, 1996). 
In the Cawse deposit, the nickel occurs in less hydrophilic limonitic clays associated 
with free silica. It is formed from the weathering of dunites which are low in aluminium 
and high in silica (Kyle, 1996). This type of ore has the advantage that it can be 
upgraded from 1% to 2% Ni by screening out the barren silica fraction prior to 
treatment (Kyle and Furfaro, 1997).  
Compared to Moa Bay limonitic ores, the Western Australian ores contain lower iron 
and aluminium, but higher magnesium levels. Magnesium is the main acid consuming 
element in the PAL process. Table 1.4 shows a typical chemical composition for each 
deposit in comparison with the Moa Bay laterite deposit. 
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Table 1. 4    Chemical composition of Australian laterites compared to Moa Bay laterite 
deposit(Kyle, 1996)  
Element  Murrin Murrin 
(%) 
Bulong 
(%) 
Cawse 
(%) 
Moa Bay 
(%) 
Ni 1.24 
(nontronite) 
1.11 
(nontronite) 
1.0 
(limonite) 
1.35 
(limonite) 
Co 0.089  0.08  0.07  0.12 
Fe 21.7  20.8  18.0  45  (goethite) 
SiO2 42.1 
(clays) 
42.9 
(clays) 
42.5 
(quartz) 
8.3 
Al 2.51 
(clays) 
2.75 
(clays) 
1.71 
(clays) 
4.8 
(gibbsite) 
Mg 4.02  4.62  1.58  0.55 
Mn 0.40  0.36  0.17   
Cr 0.88  0.6  0.92  2.0 
Ca 0.53  0.03  0.03  
Moisture  ≈ 30  ≤ 35  ≤ 10  ≥ 20 
 
 
1.6  Processes for the Treatment of Nickel Ores  
1.6.1  Sulphide versus Laterite Ores 
About two thirds of the world nickel resources occur in nickel bearing laterites, while 
the balance occurs as sulphides.  However, largely because of economic reasons, the 
largest fraction of nickel production has been from sulphides through the 
pyrometallurgical process. The depletion of high grade nickel sulphide ores, combined 
with the high cost of fuel, stricter environmental regulations and the energy intensive 
nature of pyrometallurgical processes has led to greater efforts in the recovery of nickel 
from low grade laterite ores. Laterite ore as a contribution to the world’s nickel  
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production has increased significantly from 38% in 1995 to 45% in 2002 (Moskalyk and 
Alfanzi, 2002; Tindal, 1998). 
Laterite ores which occur closer to the surface can be mined by low cost open pit 
mining techniques. By comparison, sulphide ore deposits at hundreds of meters depth 
require underground mining, which is highly labour intensive and can cost five times 
more than laterite ores. 
Nickel is generally dispersed throughout the minerals constituting the lateritic ores 
which precludes physical concentration and means that a large volume of ore is required 
to be treated in order to produce nickel from laterite ores. In sulphide ores however, 
most of the nickel is concentrated in sulphide mineral which can easily be concentrated 
by flotation and/or magnetic separation prior to pyrometallurgical treatment.  
In 2001, the worldwide average cost of production of nickel from sulphide ores was 
US$1.41/lb compared with that from laterite ores of US$2.25/lb (Nickel Outlook, 
2002). In addition to the two remaining laterite operations in Western Australia, it has 
been forecast that as many as ten additional laterite operations will come into operation 
by 2006 and that the average costs of nickel laterite processing will fall to as low as 
US$1.52/lb. In the light of recent developments it is unlikely that this optimistic 
scenario will be achieved. 
 
1.6.2  Processing Options for Laterite Ores 
The four major commercial routes that have been used for processing nickel laterite ores 
are ferronickel smelting, matte smelting, the reduction roast/ammoniacal leaching 
process known as the Caron process and pressure acid leaching (PAL).  
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Ferronickel and matte smelting have been used to recover nickel from magnesium and 
silica-rich ores (garnieritic/saprolite). Transition ore (serpentine ore which consists of 
blended iron oxide-magnesium silicate) can be treated using the Caron process to 
recover nickel and cobalt while the high temperature acid leach process (HTAL) is 
primarily used to treat iron oxide ores (limonite).  
Process selection for the treatment of laterite ores primarily depends on the ore 
mineralogy. Iron, silica and magnesia are the primary gangue elements and must be 
separated from the nickel. The concentrations of these gangue elements in the ore 
therefore define the most applicable process. Smelting requires some magnesia to create 
slag, and therefore is not suitable for treating limonite with low magnesia and high iron 
whilst acid leaching cannot tolerate ores with high levels of magnesia due to the 
excessively high acid consumption (Taylor, 1997). 
 
1.6.2.1  Ferronickel Smelting 
Ferronickel smelting is the most widely practised option and accounts for 19% of the 
annual nickel output production from laterite ores. This process is the preferred route for 
the treatment of saprolite type ores with high MgO (15-28%) and low Fe (13-20%). The 
exception is the Largo plant in Greece which operates on lower grade limonitic ore (3% 
MgO, 38% Fe) (Taylor, 1997). 
The ore is blended with coke or coal is dried and calcined in a rotary kiln at a 
temperature of about 900-1000
oC. Additional coke or coal which is necessary for the 
reduction is added to the hot calcine which is transferred into an electric furnace. The  
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calcine is smelted at about 1550
oC, reducing all the nickel and 60-70 % of the iron to 
the metallic state. Unreduced iron, magnesium and silica report to the slag.  
Refining is required to remove sulphur, carbon, silicon, chromium and phosphorus.   
Sulphur is removed first by adding soda ash, lime or calcium carbide to the transfer 
ladle, forming Na-S or Ca-S as a slag. The molten desulphurized ferronickel is then 
poured into the converter in which other impurities are oxidized into a slag. Carbon is 
removed as carbon monoxide, while silicon, chromium and phosphorus are removed in 
the converter slag. The resulting ferronickel alloy contains about 25% nickel. A typical 
schematic flowsheet for ferronickel smelting is given in Figure 1.2 (Monhemius, 1987; 
Reid, 1996; Taylor, 1997). 
 
Figure 1.2  Schematic flowsheet for ferronickel smelting 
The simplicity of the process and well proven operations are the main advantages of 
ferronickel smelting. The process is capable of handling high magnesia ores and results 
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in high nickel recoveries. The residues are dry and granular, which allow for easy and 
safe disposal. The reagents required are inexpensive and readily available.            
The disadvantages are that high energy consumption is involved in the process of drying 
the ore and also that only ores with high magnesia can be treated. Cobalt cannot be 
produced as a separate product as it reports together with the nickel to the alloy. The 
market for the alloy product is also limited by its composition.  
 
1.6.2.2  Matte Smelting 
Matte smelting is also favoured by high grade, magnesia rich saprolite ores. The process 
is very similar to that used for ferronickel smelting, except that sulphur is added to the 
reduced ore in the kiln. Sulphur is added either in the elemental form or in the form of 
pyrite which reacts with the metallic metal to form nickel and iron sulphides. The 
smelting which occurs in the electric furnace converts nickel and iron to a sulphide 
matte and creates a slag containing the oxide components of magnesia and silica. The 
crude matte which contains 30-35% Ni, 50-60% Fe and 9-12% S is converted by 
blowing air, forming an iron oxide slag and producing a final product of 77-78% Ni, 
0.5-0.6% Fe and 21-22% S (Monhemius, 1987). Figure 1.3 shows a typical schematic 
flowsheet for the matte smelting operating at PT INCO in Indonesia.   
 
  15
  
Figure 1.3  Simplified flowsheet of matte smelting (PT INCO, Indonesia) 
The advantage of matte smelting is also the simplicity and proven technology. The 
process offers high nickel recovery and produces cobalt as a separate product although 
at a somewhat lower recovery. Like ferronickel smelting, the disadvantage of matte 
smelting lies in the high energy cost of pre-drying the ores.   
 
1.6.2.3  Reduction Roast-Ammoniacal Leach: The Caron Process 
The Caron Process is applicable to high iron limonitic laterite ores. The process 
involves drying and grinding, reduction roasting, ammoniacal leaching and metal 
recovery (Bukin et al., 1981; Monhemius, 1987; Reid, 1996).  
First, the ore is dried in a direct-fire rotary kiln to reduce the water content from 30-50% 
to 2-3% and this is followed by milling to reduce the particle size to about 74µm. The 
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ore then is roasted and reduced with fuel oil or a gaseous reductant at 850
oC at which 
temperature most of the nickel and about 10% of the iron is metallised.   
The roasting reaction is (Monhemius, 1987)  
()   1.1                                                    O 3H     O Fe     FeNi     3H     O 2Fe     NiO 2 4 3 2 3 2 + + = + +  
Following roasting, the ore is cooled to 150-200
oC and then quenched in an ammonia/ 
ammonium carbonate solution. Nickel and cobalt form complexes with ammonia and 
remains stable in solution while iron, on the other hand is oxidized to the ferric state and 
precipitates as the hydroxide. 
The reactions involved in ammonia leaching are (Jansen, 1997) 
()   1.2                                      CO ) Ni(NH     CO ) (NH     4NH     O H     1/2O     Ni 3 6 3 3 2 4 3 2 2 → + + + +  
()   1.3                                                                   Fe(OH)     O H 1     O     Fe 3 2 2
1
2 4
3 → + +  
The pregnant leach liquor is separated from the barren solids through a series of CCD 
washing stages. Cobalt is recovered by sulphide precipitation while nickel is recovered 
as a basic nickel carbonate by steam stripping. A simplified flowsheet of the Caron 
process is shown in Figure 1.4.  
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Figure 1.4  Caron Process flowsheet (Monhemius, 1987)   
The advantages of the Caron Process are that the reagent costs are minimal and that it is 
able to treat a mixture of limonite and saprolite ores. The technology is well proven and 
produces cobalt as a separate product albeit at a low (80%) recovery. Corrosion 
problems are minimal and standard construction materials can be used. 
The primary disadvantage is the high energy involved in the process of drying and 
reduction roasting. Overall metal recovery is relatively low with a significant loss of 
cobalt by co-precipitation with ferric hydroxide. The process is sensitive to the mineral 
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composition and requires careful mining and blending as the recovery tends to fall with 
increasing proportions of saprolite ore.  
 
1.6.2.4  Pressure Acid Leaching (PAL) 
Pressure acid leaching (PAL) has been used for the processing of low magnesium 
lateritic ore at the Pedro Sotto Alba plant in Moa Bay, Cuba since 1959. A plant to 
process about 2 Mt/year of ore (Taylor, 1996) was originally constructed by Freeport 
Sulphur, owner of the Nicaro (Caron Process) (Krause et al., 1998). The plant was taken 
over by the Cuban Government during the communist revolution in 1960 and 
recommenced operations in 1961. Moa Bay plant has run successfully for more than 30 
years (Anthony and Flett, 1997; Chalkley et al., 1996; Krause et al., 1998; Monhemius, 
1987; Reid, 1996). .  
The plant feed is composed of 70% goethite, 10% gibbsite and 20% serpentine and 
quartz. The ore is ground and mixed with water to yield a slurry of 20-30% solids. The 
solid content is increased to about 45% in three thickeners of 99 m diameter (Chalkley 
et al., 1996; Simon, 1959).  
The thickened slurry is then heated to 70-80
oC and fed into one of five independent 
leach trains, each having vertical autoclave reactors with four compartments connected 
in series. The slurry in the trains is heated to 246
oC with high pressure steam. The 
lixiviant, 98% sulphuric acid is injected at a ratio of 0.22-0.23 t/t feed through a 
separate pipe to the trains (Chalkley et al., 1996). During leaching goethite is 
transformed into hematite (Equations 1.4 and 1.5) in the process of which nickel is  
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dissolved and released to solution (Krause et al., 1998; Rubisov and Papangelakis, 
2000). 
() 1.4                                                 O H SO Fe SO 3H FeOOH 2
- 2
4
3
4 2 4 3 2 2 + + → +
+                       
() 1.5                                                                             6H s) O Fe O H 2Fe 3 2 2
3 + + + → + ( 3  
The dissolution of nickel and other divalent metal oxides can be described in Equation 
1.6 (Krause et al., 1998). 
() 1.6                                                 O H 2HSO Me SO 2H MeO 2
-
4
2
4 2 + + → +
+  
Aluminium in the form of gibbsite, Al(OH)3, is converted to boehmite, AlOOH, during 
the heating stages prior to the leach (Equation 1.7), and is then dissolved and re-
precipitated as alunite during the leaching (Equations 1.8 and 1.9) (Krause et al., 1998). 
() 1.7                                                                                      O H AlOOH Al(OH) 2 3 + →  
() 1.8                                                       O 4H SO 2Al SO 3H AlOOH 2
- 2
4
3
4 2 + + → +
+ 3 2  
( ) ( )( ) 1.9                          5H OH SO OAl H O 7H 2SO 3Al 6 2 4 3 3 2
- 2
4
3 + + + → + +    
About 94-95% of the nickel is extracted into solution during the leaching. The autoclave 
discharge solution contains 6.5-7.0 g/l nickel and 30 g/l free acid (Chalkley et al., 1996). 
Cobalt, manganese and magnesium report to the liquor along with nickel whilst silica, 
chromium, iron and aluminium predominantly report to the solid.  
The pregnant leach liquor (PLL) is separated from the solid residue in a seven stage 
CCD circuit, and then pumped to a reduction and neutralisation section where the liquor 
is purified by removal of iron (III) and chrome (III). Nickel and cobalt are selectively  
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precipitated as sulphide by H2S at pH 2.3 at 60-70 
oC (Chalkley et al., 1996; Chalkley 
and Toirac, 1997). The sulphide product is then washed, dried and shipped to the 
Corefco refinery in Fort Saskatchewan, Canada (Kerfoot and Cordingley, 1997). The 
PAL process flowsheet as operating at Moa Bay is shown in Figure 1.5. 
Pressure acid leaching has several advantages. The process can be applied to low grade 
laterites and it is the only existing laterite process which exhibits good cobalt recovery 
(Kyle, 1996; Reid, 1996). Unlike smelting and the Caron process, pressure acid 
leaching provides superior extractions of both nickel and cobalt. The products can be 
produced individually, thus providing improved revenue. The process also eliminates 
ore drying and roasting, which are the most expensive in terms of energy requirements 
in other processes (Reid, 1996).       
Amongst the disadvantages, pressure acid leaching can only be economically utilised on 
limonite ores which contain low levels of acid consuming gangue such as magnesia. 
Monthly shutdowns lasting from five to seven days are required for removal of scale 
which builds up in the autoclaves during the leaching (Chalkley et al., 1996; 
Monhemius, 1987). The mixed nickel cobalt produced requires further expensive 
processing to produce the final nickel and cobalt products (Reid, 1996).   
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Figure 1.5  The flowsheet of the original plant at Moa Bay, Cuba(Monhemius, 1994; 
Taylor, 1996)  
 
1.7  Recent  Developments in Pressure Acid Leaching 
Technology (PAL) 
No other commercial pressure acid leach plant has been built since the construction of 
the Moa Bay plant in 1957. However, there has been an ongoing extensive research and 
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development programme aimed at extending the applicability of the acid process and 
overcoming some of the operational problems in the Moa Bay process (Duyvesteyn et 
al., 1979; Monhemius, 1987). In the 1970’s and 1980’s, the AMAX and SURAL 
processes were developed. A pilot plant for the AMAX process was operated as part of 
the Prony project in New Caledonia whilst the SURAL process was chosen for the 
Gasquet project in California (Monhemius, 1987; Taylor, 1996). Although both of the 
plants were never built due to a downturn in the nickel price, the AMAX and SURAL 
processes, which were thoroughly tested on continuous pilot plants made a major 
contribution to the longer term development of the technology. 
The significant rise in price and demand of nickel in the mid 1990’s however has 
sparked renewed activity in terms of exploration, new mine development and the 
reactivation of existing mines (Kitney and Maxwell, 1996). The process improvements 
made by AMAX and California Nickel and the longevity and technical success of the 
Moa bay plant has attracted new laterite producers, especially in Australia and the South 
Pacific region. In 1997, three PAL plants, Bulong, Cawse and Murrin Murrin were 
constructed in Western Australia (Flett, 2002; Taylor, 1996). 
 
1.7.1  The AMAX and SURAL Processes 
In spite of its advantages, pressure acid leaching (PAL) as applied at Moa Bay appears 
to be suitable only for low magnesia ore, in order to avoid excessive acid consumption. 
The AMAX process was developed to extend the applicability of the process to an 
entire typical laterite deposit, including higher magnesium silicate zones (saprolite).  
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The feed ore is split into a fine ‘low’ magnesium (limonite) fraction and a course ‘high’ 
magnesium (saprolite) fraction by screening (Duyvesteyn et al., 1979). The limonite 
fraction is leached directly at 270
oC. The leach liquor is separated from barren residue 
through a series of countercurrent decantation operations. The residue is discharge to 
the tailings. The high saprolite fraction is first calcined and then leached with pregnant 
leach liquor at atmospheric pressure. The main role of the magnesia rich portion here is 
to neutralise the free acid in the pregnant leach liquor, thus removing the cost for lime in 
the traditional PAL process. Beside magnesium, nickel also dissolves and leads to a 
reduction in the acid requirement per unit of nickel produced. The slurry is separated 
and the solid residue which contains depleted magnesium and some unleached nickel is 
fed back to the autoclave. Nickel and cobalt are recovered as a mixed sulphide 
(Monhemius, 1987). Details of the process are shown in Figure 1.6. 
Amax claimed that the process is capable of treating laterite ores containing up to 15% 
magnesium (Kay and Michael, 1978). Other claimed advantages included increased 
energy efficiency, reduced autoclave scaling and improved sulphide precipitation 
conditions (Duyvesteyn et al., 1979; Taylor, 1995).  
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Figure 1.6  Flowsheet of the AMAX acid leach process (Duyvesteyn et al., 1979 
Monhemius, 1987)  
In the early 1990’s, The National University of Athens published studies of a similar so- 
called “atmospheric leaching” process and were granted a Greek patent. In 2001, BHP 
Ltd (now merged with Billiton) in its joint venture with PT Antam Tbk at Weda Bay in 
Indonesia patented the same approach to the atmospheric leaching process. Both patents 
appear to be nearly identical to that for the AMAX process (Flett, 2002). 
In its development programme, the SURAL process also addressed the inclusion of 
saprolite ores, energy reduction and scale minimisation. Features of the proposed 
flowsheet include the use of batch autoclaves and the production of a mixed hydroxide 
product using magnesia as a precipitant. The process precipitates nickel and cobalt as 
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hydroxide instead of mixed sulphide and eliminated the costly H2S precipitation steps. 
The hydroxide product produced is readily soluble in ammonia or dilute sulphuric acid 
and offers the potential for the application of solvent extraction and electrowinning for 
the purification and recovery of the metals (Monhemius, 1987; Taylor, 1995; Taylor, 
1996).  
 
1.8  The Murrin Murrin, Bulong and Cawse Projects 
The Murrin Murrin, Bulong and Cawse projects in Western Australia have a similar 
leaching step to that employed at Moa Bay but differ in the subsequent metal recovery 
circuits. Improvements were made on the older process thanks to the new developments 
in materials of construction, equipment design and engineering expertise. 
 
1.8.1  Murrin Murrin - Production via Nickel Sulphide Intermediate 
The Murrin Murrin project with a A$1.0bn capital cost is the largest of Australia’s 
laterite mines. Construction was completed in January 1999 and at design capacity the 
plant should yield 45,000 tpa of nickel and 3,000 tpa cobalt. Plans are well advanced for 
an expansion to stage II, which will increase total production to 115,000 tpa of nickel 
and 9,000 tpa cobalt. With a total reserve in excess of 300Mt at average of 1% Ni and 
0.07% Co, the Murrin Murrin operation is estimated to be sustainable for at least 30 
years. With the help of Sheritt-Gordon, Anaconda has adapted and evolved the Sheritt 
process that is better suited to Western Australia’s drier laterite deposits (Motteram et 
al., 1996).  
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The process is described by Motteram (Motteram et al., 1997), Chadwick (Chadwick, 
1999) and Whittington and Muir (Whittington and Muir, 2000). Run-of-mine ore is 
blended to provide a constant acid consumption and viscosity for the plant feed. Once 
blended, the ore is fed into a primary crusher. After passing through a milling circuit it 
is slurried to 39% solids using borewater containing approximately 600ppm chlorides at 
70
oC. The slurry is preheated by the direct injection of steam into a horizontal four 
compartment titanium–lined autoclave which is maintained at 255
oC. Sulphuric acid is 
injected to the first autoclave compartment. After 90 minutes in the autoclave, the 
recovery of nickel and cobalt into solution is between 92 and 95%.  
The slurry is then flushed through three flash tanks and the pregnant leach liquor (PLL) 
is separated from fine solid residue through 7 stages of CCD washing. The leach liquor 
is then neutralised by using calcrete slurry and nickel and cobalt are precipitated by H2S 
under pressure as a mixed sulphide. This mixed sulphide is then pressure leached with 
air, producing a nickel and cobalt sulphate solution which is the feed to the refinery.  
Bleed water from the filter press is mixed with the residue slurry and a calcrete slurry is 
added to produce the tailing at pH of 6-7. In the nickel and cobalt refinery, nickel and 
cobalt sulphate are separated in a solvent extraction circuit and then recovered 
conventionally as powders by hydrogen reduction from ammoniacal solutions. The 
powders are washed, filtered and compacted into briquettes.  
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1.8.2  Bulong - Production by Direct Solvent Extraction 
The design of the Bulong leaching circuit is similar to Murrin Murrin but differs 
substantially in the refinery circuit. Bulong opted for a direct solvent extraction process 
to produce the metals. 
Hayward (Hayward, 1998) and Kyle (Kyle, 1996) described the process at Bulong as 
follows. The ore is fed into a crusher, followed by a log washer and a ball mill. The ore 
slurry is screened and thickened to a density suitable for leaching. The thickened slurry 
is heated by direct steam in a series of four heat exchangers and leached in a six-
compartment horizontal autoclave vessel. Acid is pumped into the second autoclave 
compartment and leaching is carried out at 250
oC. Pregnant slurry is cooled in a series 
of four flash tanks and the residue washed through a seven stage CCD thickener circuit. 
The pregnant leach liquor is partially neutralised with limestone to pH 4.0 to precipitate 
iron, aluminium and chromium. The neutralised liquor is then filtered and passes to the 
solvent extraction circuit. Nickel and cobalt are separated by solvent extraction and are 
subsequently recovered as metal cathodes by electrowinning. 
 
1.8.3  Cawse - Production via a Nickel Hydroxide Intermediate 
The laterite ore at Cawse consist of two components, hard-course barren silica and a 
fine fraction of limonitic clays containing up to 2% of Ni. Consequently this ore can be 
upgraded by 30-40% through a simple screening process (Hellsten and Lewis, 1996). 
This advantage is believed to make Cawse the world’s lowest cost nickel laterite 
producer.   
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The ore is washed and screened to separate the nickel-rich fine fraction from the course 
barren. The course fraction is discarded while the upgraded fine fraction proceeds to the 
autoclave circuit. The cooled slurry is neutralised to pH 3.5 with limestone and any Fe 
(II) oxidised to Fe (III) with air. The liquor is separated from the solids, neutralised with 
limestone to pH 6.0 and any residual Fe (II) is further oxidised with air. Nickel and 
cobalt is then precipitated as hydroxide and redissolved using ammonia/ammonium 
carbonate. The nickel is separated from the cobalt by solvent extraction. Nickel cathode 
is produced by electrowinning whereas cobalt is precipitated with sulphide to produce a 
saleable CoS product (Chadwick, 1999; Krause et al., 1998; Kyle, 1996; Kyle and 
Furfaro, 1997).  
 
1.9  Scope and Objectives of this Project 
The processing of nickel laterites is increasing and pressure acid leaching (PAL) has 
become the preferred process treatment. The process has been adopted at three laterite 
plants in Western Australia and the number of plants is forecast to grow as more than 
twelve new laterite projects are under consideration. 
As described in more detail above, the PAL process uses acid to leach the nickel and 
cobalt, followed by solid/liquid separation in a series of continuous counter current 
decantation (CCD) and neutralization prior to purification and final metal recovery.  
During the CCD process, the overflow pregnant liquor is separated and passed for 
further processing while the underflow (typically at 35% solids density) is removed as 
residue to the tailing dam. The presence of very fine particles of smectite clays and 
precipitated haematite in the residue however results in poor settling with resultant poor  
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solid/liquid separation in the CCD circuit and loss of nickel and cobalt to the tailings.  
Plant experience has shown that from 1 to 10% of soluble nickel and cobalt report to the 
tailings depending on the efficiency of the CCD circuit.  
Ion exchange processes are generally more suitable for treating solutions with low metal 
concentrations and those containing high level of solids, such as slurries, require a resin-
in-pulp (RIP) type of approach.  
This project is aimed at establishing the potential for the application of a resin-in-pulp 
(RIP) process to improve the overall nickel and cobalt recoveries from such pulps. In 
particular, it will focus on identifying the best adsorbent and the optimum operating 
conditions for both adsorption and elution of nickel and cobalt. In addition, more 
fundamental aspects associated with the adsorption and elution processes will be 
investigated.   
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Chapter 2 
Ion Exchange Technology for Nickel and 
Cobalt 
2.1  Introduction 
Ion exchange technology was first introduced to the field of hydrometallurgy in a large 
scale for the recovery of uranium in the Soviet Union during the fifties. As the market 
for uranium increased, various innovations in the application of ion exchange were 
developed. One of the early innovations was the development of and commercial 
application of the resin-in-pulp (RIP) process which eliminated the costly filtration and 
clarification steps following the acid leaching of uranium ore (Read, 1959).  
A process which has many similarities to the RIP process is known as the carbon-in-
pulp (CIP) process. The CIP process has been widely used in gold industry for direct 
recovery of gold from slurries since the 1970’s (Laxen, 1984). The success of the CIP 
process coupled with the excellent performance of ion exchange resins in the RIP 
process for uranium recovery from slurries provided the motivation for many 
investigations involving the use of resin in place of carbon for the recovery of gold.  
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Resins have been shown to be superior to carbons in respect higher loading capacity and 
loading rate, greater abrasion resistance, less susceptible to poisoning by organic matter 
and, additionally, they do not require thermal regeneration (Green et al., 2002).  
 
2.1.1  Applications of RIP 
Despite the extensive research and proven technology in parts of the previous USSR, 
RIP has yet to be embraced by the mining and metallurgical industries in the western 
world for many reasons not the least of which is the fact that resins are more expensive 
than activated carbon. Thus, outside of the USSR, the only application for the recovery 
of gold has been the Penjom Gold Mine in Malaysia. However, it is possible that the 
RIP process will find future favour if and when the gold industry moves to replace 
cyanide by thiosulphate as a lixiviant in the leaching stage as a result of increasing 
environmental and occupational safety concerns (Nicol and O’Malley, 2002).  
Another application of the RIP process that has been described involves the recovery of 
additional copper from oxide and mixed ores after conventional flotation for primary 
copper extraction (Slobtov, 1991). It is reported that the addition of a RIP process in the 
circuit could increase the copper recovery by 7 to 9 %. A chelating resin with 
iminodiacetic group was used to adsorb copper which was simply eluted by either 
sulphuric acid or ammonia-ammonium carbonate solutions.    
In a different metallurgical application, an RIP process was studied for the extraction of 
manganese from an oxide ore (Green et al., 1998; Johns and Mehmet, 1985). Both of 
these studies used an iminodiacetic chelating resin TP 207 in the hydrogen form as the 
sorbent. The loaded resins then were easily eluted using dilute sulphuric acid. The  
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reaction for adsorption and elution are given in Equation 2.1 and 2.2 respectively 
(Green et al., 1998; Johns and Mehmet, 1985).  
Adsorption  
() 2.1                                                                                        H RMn Mn RH
+ + + ⇔ + 2
2
2  
Elution  
() 2.2                                                                                        Mn RH H RMn
+ + + ⇔ +
2
2 2  
As the resin is weakly acidic, the adsorption is highly favoured by high pH. Figure 2.1 
shows the effect of pH on the manganese recovery. Johns and Mehmet (Johns and 
Mehmet, 1985) reported that more than 70 % of manganese was recovered in their 
testwork.  
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Figure 2.1  The effect of pH on the manganese adsorption (Johns and Mehmet, 1985)  
 
RIP technology has also become of interest in the vanadium industry (Taylor et al., 
2000). In a laboratory study using RIP, a weak-based anion exchange resin was used to  
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recover 1 to 5% of soluble vanadium previously reporting to tailings. The solution 
profile across the stages (Figure 2.2) demonstrated that more than 99% of vanadium 
was recovered. 
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Figure 2.2  Vanadium profile across the RIP miniplant at steady state (Taylor et al., 2000) 
 
It was reported from a preliminary techno-economic evaluation that the RIP process has 
favourable economics with a payback period of less than two years.  The process has 
not, however, been commercially implemented. 
Zinc is another metal being considered for recovery by RIP technology (Green et al., 
1998). Although preliminary testwork using a synthetic solution showed promising 
results, problems encountered with the precipitation of calcium during the elution need 
further investigation before the process can be fully established.  
In all the above processes, it is apparent that the RIP technology offers an advantage 
over conventional processes in which costly solid-liquid separations can be  
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economically replaced by a simpler screening of resin from the pulp.  The efficient 
recovery of the metals by resin would enhance the recovery of valuable metals by 
reducing the soluble losses and thereby also help to reduce the threat of environmental 
pollution.     
The recent expansion in the pressure acid leaching (PAL) process for nickel laterite has 
provided a potential application for RIP in the recovery of nickel and cobalt. As 
described in Chapter 1, the PAL process is used to dissolve these metals and is 
conventionally followed by solid/liquid separation in a series of continuous counter 
current decantation (CCD) tanks. The first stage overflow pregnant leach liquor is 
passed on for further processing whilst the last stage underflow slurry is neutralized and 
pumped to a tailings dam.  
Solid/liquid separation stage is a critical stage as its efficiency affects both soluble metal 
losses and operating difficulties down stream in neutralization and metal recovery. The 
difficulties in settling of the solids due to presence of clay minerals in the ore and 
soluble metal losses are minimised by using large (over 50 m in diameter) thickeners in 
a series of six to seven stages in the CCD circuit. These operating requirements not only 
affect the size but also the cost of the plant. In areas where only saline water is 
available, this cost is likely to be higher as more expensive material is required for 
construction since steel at elevated temperatures is not resistant to chloride ion. At the 
same time, large amounts of flocculants are required for fine solid settling which 
increases the operating cost by 10 %.  
In addition to the problems mentioned, the leach residue settling characteristics also 
result in loss of 1 to 10% of soluble nickel and cobalt to the underflow tailings. As PAL 
is an expensive process requiring high temperatures and pressures to leach valuable  
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metals from ore, maximum recovery is desirable. The characteristics of the tailing with 
typically 35% solids and low concentrations of nickel and cobalt are suitable for the 
application of the RIP process.  
 
2.2  Development of Ion Exchange Resin 
Ion exchange is a natural phenomenon which occurs in soil, mineral, plant and animal 
tissue. This process was identified and described in 1850 when ammonia was found to 
be exchanged with calcium in soil. Later, natural ion exchangers such as zeolites and 
clays were used in water treatment. However, the instability in both acidic and alkaline 
solutions has limited the application of these aluminosilicate minerals to other industries 
(Kichener, 1957; Simon, 1991). 
In 1944, organic ion exchange resins based on the copolymerization of styrene and-
divinylbenzene copolymer were successfully developed. Since then, many adaptations 
of the process and variations of the properties of the original products have been made 
to suit the applications of these materials (Helfferich, 1962; Korkish, 1989; Walton and 
Rocklin, 1990).  
Today, numerous ion exchange resins are available commercially and are widely used 
in water treatment, separation and purification in hydrometallurgy, the food industries, 
pharmaceutical products and even in drug delivery.  
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2.2.1  Chelating Resins 
Chelating resins which are also known as complexing or specific ion resins are designed 
to have high specificity for an ion or groups of ions. These types of ion exchange resins 
adsorb metal ions through a combination of ionic and coordinating interactions instead 
of the simple electrostatic interactions in conventional cation or anion ion exchange 
(Harland, 1994). As a consequence, chelating resins offer greater selectivity than 
conventional resins.  
It is assumed that chelate rings are formed during metal adsorption. The possibility of 
the formation of chelate rings depends not only on the nature of active chemical group 
but also on the physical properties of the polymer matrix as well as the sorption 
conditions (Myasoedova and Savvin, 1986). The groups taking part in the formation of 
chelate rings include nitrogen as in the form of amine, diazo and nitro groups, oxygen in 
the form of phenol, carboxyl and ketone groups and sulphur atom as in the forms of 
thiol, thiocarbamide and disulfide groups. It is also important to realize that because of 
their high selectivity, these resins may create difficulties in the stripping process 
depending on the strength of the chelate rings formed with the particular metal ions.   
The development of chelating resins was attributed to Skogseid (Harland, 1994) who 
described the chemistry of such an ion exchanger in 1947. This was followed by several 
attempts of incorporating a variety of chelating groups onto different types of polymeric 
matrices (Manecke and Danhaeuser, 1962; Rahm and Stamberg, 1961). Since then, the 
field of chelating resins has been developing steadily. Today, numerous types and 
variations of chelating resins are available commercially as shown in Table 2.1. Their 
applications can be found in water and waste water treatment (Beatty et al., 1999; Hirai 
and Ishibashi, 1977; Jenneret-Gris, 1989; Leinonen et al., 1994; Lin et al., 2000;  
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Mijangos and Diaz, 1992; Moriya, 2000; Moriya et al., 1987; Stetter et al., 2002; Vater 
et al., 1991), analytical chemistry (Korkish, 1989; Myasoedova and Savvin, 1986; Park 
et al., 2000; Rengan, 1996; Walton and Rocklin, 1990; Yuchi et al., 2002; Zagarodi and 
Muhammed, 1997), metal recovery (Duyvesteyn et al., 2000; Duyvesteyn et al., 2001; 
Green et al., 1998; Johns and Mehmet, 1985; Kauczor et al., 1973; Outola et al., 2000; 
Rice and Nedved, 1977; Seham nagib and T. Yamaguchi, 1999; Takahashi et al., 1985; 
Wang et al., 2001 and separation and purification (Hubicki, 1998; Leinonen et al., 1994; 
Park et al., 2000; Sigh, 2001). 
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Table 2. 1    Commercial chelating ion exchange resins(Eccles and Greenwood, 1992; 
Harju and Krook, 1995; Harland, 1994)  
Functional Groups  Specificity  Commercial 
Designation 
Capacity  
(eq/l)
 
Manufacturer 
Iminodiacetic acid 
-CH2-N(CH2COOH)2 
 
Fe, Ni, Co, 
Cu 
IRC 748 
(formerly 
known as IRC 
718 or XE 718) 
TP 207 
TP 208 
S 930 
SR-5 
Dowex IDA-1 
IN SIR 
1.25 
 
 
2.4 
2.7 
1.1 
1.7 
1.1 
0.9 
Rohm and Hass 
 
 
Bayer 
Bayer 
Purolite 
Ionac 
Dow Chemical 
Amantech 
Aminophosphonic acid 
-CH2-NH-CH2-PO(OH)2 
Pb, Cu, Zn, 
UO2
2+ 
C 467 
S 950 
S 940 
Dowex APA-1 
IN BSR 
1.0 
1.2 
1.24 
1.1 
1.2 
Doulite 
Purolite 
Purolite 
Dow Chemical 
Amantech 
Bispicolylamine 
-N(CH2C5NH4)2 
N-picolylamine 
N- hydroxyethyl 
-N(CH2C5NH4)C2H4OH 
Fe, Cu, Ni, 
Co 
XFS 4195 
 
XFS 4196 
n.a 
 
n.a 
 
Dow Chemical 
 
Dow Chemical 
Thiocarbamide 
-CH2-SC(NH)NH2 
Pt, Pd, Au  SR2 
S 920 
n.a 
n.a 
Ionac 
Purolite 
N-methylglucamine 
-CH2N(CH3)[(CHOH)4CH2OH] 
B IRA  743 
MK 51 
0.6 
0.6 
Rohm and Hass 
Bayer 
Thiol 
-CH2SH 
Hg GT  73 
IN MSR 
SR 4 
1.2 
1.5 
2.0 
Rohm and Hass 
Amantech 
Bayer 
   Note  
   n.a –not available 
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2.2.2  Synthesis of Chelating Resins 
The synthesis of ion exchange resins starts with the production of a polymeric matrix. 
These matrices consist of three-dimensional networks of hydrocarbon chains to which 
functional groups (in this case chelating ligands) are attached. The most common 
polymers are produced from polystyrene-divinylbenzene (DVB) in which DVB is the 
crosslinking agent, typically present in proportions of 2 to 16%. Other polymers include 
acrylates, methacrylates, phenol-formaldehyde and epichlorohydrin amine condensates. 
The functional groups are then chemically introduced through various routes, depending 
on the type of resin to be prepared as shown in Figure 2.3. A very comprehensive and 
detailed review covering theoretical aspects and methods involved in the synthesis of 
chelating resins has been published by Sahni and Reedijk (Sahni and Reedijk, 1984). 
The two most common types of resin matrices are styrene and acrylic. The styrene 
structure is composed of aromatic rings while the acrylic structure involves straight 
chain hydrocarbons.  
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Figure 2.3  Synthesis routes for ion exchange resins (Korkish, 1989) 
For chelating resins, a styrene copolymer with a macroporous structure is used as a 
starting material. This structure provides better permeability of the matrix which 
enhances kinetic properties than conventional or gel-type polymers (Walton and 
Rocklin, 1990).  The properties of the polymer matrix used and its structure determine 
the type and physical properties of the chelating resins while the method of synthesis 
and type of functional groups control its capacity and selectivity (Mysasoedova and 
Savvin, 1986).  
The majority of chelating resins have been prepared by attaching a chelating ligand onto 
a polymer (Eccles and Greenwood, 1992; Sahni and Reedijk, 1984). In this approach, 
the starting aromatic polymer is first converted into its chloromethylated derivative. 
This is carried out by treating the cross-linked polystyrene with chloromethyl ether (or 
other non-carcinogenic reagents) as shown in the route for preparing anion exchange 
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resin in Figure 2.1.  The chloromethylated polymer produced is then reacted with 
ammonia to convert it to the amine followed by reaction with chloracetic acid to form a 
chelating group. The synthesis of iminodiacetic resins using this method is shown in 
Figure 2.4.  
 
 
Figure 2.4  Synthesis of iminodiacetic resins by attaching a chelating ligand 
Another method in synthesising chelating resins involves nitration of the polystyrene 
(Eccles and Greenwood, 1992; Walton and Rocklin, 1990). The nitropolystyrene 
produced is reduced to amino polystyrene followed by treatment with sodium nitrite and 
hydrochloric acid resulting in a diazo resin which can then be couple with various 
chelating ligands in alkaline solution. Figure 2.5 shows the sequence of reactions in 
synthesising chelating resins using this option. Using the same approach, iminodiacetic 
resins can be prepared by reacting the amino polymer with chloracetic acid as shown in 
Figure 2.6 (Sahni and Reedijk, 1984).  
 
 
Figure 2.5  Synthesis of iminodiacetic resin by nitration 
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Figure 2.6  Synthesis of iminodiacetic resin by chloracetic acid 
 
2.2.3  General Structure and Properties of Chelating Resins 
One of the main considerations in any ion exchange application in hydrometallurgy 
is the physical stability of the resin. The nature of the solution changes during the 
cyclic adsorption and elution steps in ion exchange processes which causes periodic 
swelling and shrinking of the resin beads. This can induce high osmotic shock in the 
beads which can lead to cracking and breaking. This problem is exacerbated in the 
tougher environment of a resin-in-pulp application. Shattering of the resin beads due 
to mechanical operations such as pumping, screening and mixing and also abrasion 
of the beads by pulp can all lead to excessive resin breakage.  
Chelating ion exchange resins generally benefit from the macroporous structure of 
the matrix. Macroporous polymers are prepared in a way that allows the beads to 
have a high degree of crosslinking without significantly affecting the exchange 
kinetics (Walton and Rocklin, 1990). Greater crosslinking promotes greater physical 
strength and toughness of the resins. The macroporous structure avoids excessive 
swelling and shrinking of the resin beads, thus minimizing breakage caused by 
osmotic shock. The macroporous structure also enhances the kinetic performance of 
the resins as it allows more rapid diffusion of ions and molecules within the resin 
phase.  The higher surface area of this structure also means that chelating resins have 
higher resistance to organic fouling. 
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Unfortunately, the pores in this structure reduce the number of possible exchange 
sites and thus result in a lower exchange capacity compared to the gel type resins. 
The pores reportedly can take up to 10 to 30% of the volume polymer (Walton and 
Rocklin, 1990), which reduces the ion exchange capacity proportionately.  
Acrylic-based resins are particularly softer and more elastic compared to the styrene-
based polymer. Their main advantage is claimed to be the ability to withstand fouling 
by organic ions.   
 
2.2.4  Exchange Capacity 
The exchange capacity is one of the most important chemical characteristics of an ion 
exchanger since it is a measure of the resin’s capability to carry out useful ion exchange 
work. It is defined as the number of equivalents of exchangeable ions (or molecules) per 
unit mass or volume of the exchanger (Grimshaw and Harland, 1975) and is normally 
expressed in terms of eq/kg (kg resin) or eq/l (l resin).    
The exchange capacity or total capacity is usually measured by an ion exchange 
reaction involving the functional group on the resin (Korkish, 1989). The most widely 
used method in the case of ion exchange reactions which involve protons is a titrimetric 
method which make use of direct or back acid-base titrations. Typical titration curves 
are given in Figure 2.7 (Harland, 1994).  
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Figure 2.7  Titration curves of representative resin types (Harland, 1994)  
 
The exchange capacity can be calculated by the following formula: 
() 2.3                                                                        
V   or M
C    x   (V
   ) (Q capacity     Exchange
r   r
t t
r
)
=  
where:  
Qr  =   Total exchange capacity of a resin (eq/l or eq/kg) 
 V t  =   Volume of titrant (l) 
 C t  =   Concentration of titrant (mol/l) 
 M r  =   Mass of resin (kg) 
 V r  =   Volume of resin (l) 
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2.2.5  Equilibrium Loading 
The total exchange capacity is hardly even achieved in a typical competitive exchange 
environment encountered in hydrometallurgical operations such as an in-pulp 
application. In this environment, the equilibrium loading of a particular metal ion is the 
relevant working capacity achievable by a resin. 
This equilibrium loading is the maximum number of equivalents of a given ion that can 
be removed from solution per unit volume of resin under specified conditions. 
Equilibrium is achieved when the thermodynamic potential for each ion is the same 
inside and outside the resin phase (Slater, 1991).  The equilibrium relationship between 
the concentration of the metal ion in the ion exchange phase and that in the solution 
phase is generally described by an equilibrium adsorption isotherm from which the 
actual maximum loading in a competitive environment can be determined.  
The adsorption (or elution isotherm) can be obtained by carrying out a series of batch 
tests in which a fixed volume of solution or pulp is contacted with different volumes of 
resin for an extended period of time. The resin is then separated from the solution or 
pulp phase and eluted by a suitable change in the chemical conditions. Analysis both of 
the eluate and the solution or pulp can be used to calculate the equilibrium metal 
loading on the resin at various equilibrium concentrations in solution. A typical 
isotherm is shown in Figure 2.8 for the loading of nickel onto an iminodiacetic chelating 
resin.  
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Figure 2.8  Equilibrium adsorption isotherm 
 
2.2.6  Equilibrium Adsorption Isotherms 
Apart from the obvious requirement to operate at maximum loading as mentioned in the 
above section, the equilibrium adsorption isotherm is an important characteristic of a 
particular system in that it reveals the degree of selectivity of the resin for the particular 
metal ion and allows the prediction of the equilibrium state in a system which in turn 
provides data for design calculations.  
There are a number of models which are generally used to describe the adsorption 
isotherms and to fit experimental equilibrium data. The two models which are most 
frequently used for chelating resin adsorption are the Langmuir and Freundlich 
isotherms (Wang et al., 2001; Wang et al., 2002). The equations of these two models are 
given in equation 2.4 and 2.5 respectively.  
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() 2.4                                                                                                      
KC
C KR
R
e
e
e +
=
1
max  
() () 2.5                                                                                                                    b C a R e e =  
where:  
  Re   =   Resin loading at equilibrium (mol/l) 
  Rmax     =   Theoretical maximum resin loading (mol/l) 
  Ce    =   Solution concentration at equilibrium (mol/l) 
  K, a and b  =   Constants 
The Langmuir adsorption model has been successfully applied to describe both 
chemisorption and physisorption onto solids.  The theoretical basis in the case of resins 
is an assumption that adsorption takes place at specific homogeneous sites within an ion 
exchange resin. If a metal ion occupies a site, no further reaction will occur at that site.  
Both of these nonlinear equilibrium isotherms can be linearized in order to determine 
Rmax, K, a and b values. The slope and intercept of the linear Langmuir are equal to 
1/KRmaxCe and 1/Rmax and these values for Freundlich are equal to b and ln a, 
respectively. Figure 2.9 shows the Langmuir and Freundlich isotherm and their 
calculated constants values.  The Langmuir isotherm was found to better predict the 
loading when the metal loading is high whilst the empirical Freundlich gives good 
predictions at lower resin loading but is unable to predict the maximum metal ion 
loading on a resin.    
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Figure 2.9  Langmuir and Freundlich adsorption isotherm models for nickel loading at pH 
4 (K=8635, Rmax = 0.585, a = 1.2263 and b = 0.1664) 
 
 
 
2.2.7  The Kinetics of Ion Exchange Processes 
Kinetic studies of ion exchange adsorption allow for a better understanding of the 
mechanisms which control or contribute to the rate of the overall exchange process. 
The development of equilibrium and rate expression models based on experimental 
kinetic data can be used together with fitted numerical parameters such as 
equilibrium and rate constants, mass transfer coefficients or diffusion coefficients in 
process design.  
Kinetic tests are performed in a similar manner to the equilibrium loadings in a batch 
tests. A volume of wet resin was added to a stirred contactor containing a fixed  
 
  49
volume of pulp. The concentration of metal in solution is monitored as a function of 
time. The results are analysed by fitting the data to a kinetic model.   
Generally, the rate of exchange or adsorption in ion exchange can be controlled by 
1. Diffusion through the aqueous film surrounding the particle (film diffusion),  
2. Diffusion through the resin bead (particle diffusion) or  
3. Chemical reaction at the sites of the functional groups within the resin bead 
(Harland, 1994).  
Figure 2.10 represents schematically these three possible rate controlling steps 
involved in the exchange of a resin RA with ion B in the solution.  
 
 
 
 
 
 
Figure 2.10  Schematic of rate determining steps in ion exchange (Harland, 1994)  
Film diffusion dominates when ion exchange resin beads of small particle size are in 
contact with dilute solutions and particle diffusion is expected when large beads are 
contacted with more concentrated solutions. It is possible however, for both diffusion 
reactions to affect the rate as the extent of exchange changes. In such a case, it is 
 
(1) 
A
B
A
B
(3) 
 [B-------A] 
(2) 
RA + B ↔ RB + A 
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expected that the initial stage of the ion exchange process will be controlled by film 
diffusion and the later stages by particle diffusion (Slater, 1991).  
Chemical reaction has been suggested to be the rate controlling step in chelating ion 
exchange reactions. Harland (Harland, 1994), however reported that the evidence for 
this is inconclusive. Several kinetic studies involving adsorption of metal ions on 
iminodiacetic type chelating resins have established that the rate in these cases is 
controlled by particle diffusion (Arevalo et al., 1998; Feng and Hoh, 1986; 
Fernandez et al., 1995; Heitner-Wirguin and Kendler, 1971; Matsuru and Wadachi, 
1975; Mijangos and Diaz, 1994; Nativ et al., 1974; Schwarz et al., 1964; Tanaka et 
al., 1979; Wirguin and Markovits, 1963; Yoshida et al., 1986). 
Table 2.2 shows the values of particle diffusion coefficients (D) obtained by some of 
these researchers using different experimental conditions and kinetic models.   
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Table 2. 2    Diffusion coefficients reported for particle diffusion in metal-iminodiacetic 
resins 
Reference  Resin size 
(mm) 
System   Resin 
form 
pH  T 
(
oC) 
D 
(m
2/s)x 10
10 
Fernandez (Fernandez et 
al., 1995) 
1.3 
1.3 
Co-SO4 
Co-SO4 
Na 
Na 
- 
- 
4 
25 
1.1 
4.0 
Mijangos and Diaz 
(Mijangos and Diaz, 1994) 
1.3 Cu-SO4 Na  4.4  15  1.38 
Nativ (Nativ et al., 1974)  0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
Cu-SO4 
Cu-SO4 
Cu-SO4 
Cu-SO4 
Cu-SO4 
Cu-SO4 
Na 
Na 
Na 
H 
H 
H 
2-5 
2-5 
2-5 
- 
- 
- 
25 
35 
45 
25 
35 
45 
0.4 
0.8 
1.7 
0.088 
0.14 
0.19 
Schwarz (Schwarz et al., 
1964) 
0.26 
0.21 
Co-NO3 
Zn-NO3 
Co 
Zn 
4.6 
5.3 
24 
24 
0.0074 
0.0063 
Yoshida (Yoshida et al., 
1986) 
0.6 Cu-Cl  Na  -  20  0.98 
 
The tendency for chemical reaction to be the rate controlling step will depend on the 
lability of the metal ion to be adsorbed. It was found that the complexes formed by 
zinc, cobalt and copper with the iminodiacetic group are labile and therefore the rate 
is controlled by diffusion (Heitner-Wirguin and Urbach, 1965; Schwarz et al., 1964).  
On the other hand, metal ions such as iron (III) and chromium (III) which are 
kinetically inert react more slowly with the chelating group and therefore chemical 
reaction is often the slow step in these cases. The inertness of these complexes also 
creates problems in that they are difficult to elute once adsorbed on the resin.  
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2.2.7.1  Kinetic models 
Many advanced and rigorous models have been developed which are considered to best 
describe the kinetics of ion exchange processes (Fernandez et al., 1995; Mijangos et al., 
2000; Yoshida et al., 1986). These models are however generally complicated as they 
involve a number of parameters which generally can only be obtained by fitting of the 
data to the models by computer solution of complex differential equations.  
The fundamental value of such parameters which cannot be estimated by independent 
methods must be questioned.  Fortunately, simplified rate models have been shown to 
be useful in identifying the rate controlling mechanism and in generating rate 
parameters for practical use. Three of these simplified models which have been 
commonly used will be described. 
1.  The linear driving-force model is based on the assumption that the rate is 
proportional to the system’s distance from equilibrium (Hellferich, 1962). Thus, for 
particle diffusion, 
() ( ) 2.7                                                                                                       R R k
dt
dR
t e r
t − =            
or in the integrated form 
() 2.8                                                                                                              t k
R R
R R
Ln r
e
t e − = ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
0
 
Here, Re is the concentration of the metal ion in the resin that is in equilibrium with the 
solution concentration Cs. Rt and R0 are the metal concentration on the resin phase at 
time t and 0. The constant kr is a function of the diffusion coefficient of metal ions in 
the bead and the size of the bead.   
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Under film-diffusion control, the rate can be express as  
() () 2.9                                                                                                      C C k
dt
dR s
s s s
t − =  
where 
s
s C  is the concentration of the metal at the bead surface, where it is in 
equilibrium with the resin having an average concentration of Rt. In the simplest case 
which applies at low metal loadings on the resin, a linear isotherm can be assumed 
(Fleming and Nicol, 1980). Substitution of the Cs and 
s
s C  terms in the above equation 
which involved Re and Rt yields an equation similar to Equation 2.8. Thus, Equation 2.8 
is expected to describe the rate at low solution concentrations where the film diffusion 
is dominant.  
2.  Vermeulen’s quadratic driving force model is another preferred model which has 
been used to describe the kinetics when controlled by particle diffusion. This semi-
empirical model is expressed as 
() 2.9                                                                                      
R R
R R
 
r
D
  
dt
dR
t
t
2
e
2
t
⎟ ⎟
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⎞
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⎝
⎛
−
−
=
0
2
2 2
π
 
or in the integrated form as 
() () () 2.10                                                                                R Log
r
t D
R R Log e t e
2
2
2
2 2 + − = −
π
 
where  
  D  =   Average intradiffusion coefficient and   
  r  =   Radius of the resin bead  
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3.  A third model is known as the shell-progressive or unreacted core model. This 
model postulates that reaction proceeds inwards from the surface of the bead with a 
sharp boundary between loaded resin and the unreacted core (Slater, 1991) as illustrated 
in Figure 2.11.  
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Figure 2.11  Schematic representation of the shell progressive mechanism in a 
spherical ion exchange bead (Nativ et al., 1974)  
The relevant relationship for particle diffusion through the reacted shell is described by 
Equation 2.11. 
() 2.11                                                                         X X
DC
Q r
t
s
r ⎟
⎠
⎞ ⎜
⎝
⎛ − + − − = ) 1 ( 2 ) 1 ( 3 1
6
3
2 2
 
where:    
  1-X  =   
3
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
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e
t
R
R
 
  Qr   =   Capacity of resin  
Cs    
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  D   =   Diffusion coefficient and 
  Cs   =   Solution concentration  
This model has been successfully used in describing the kinetics of ion exchange 
processes accompanied by fast chemical reactions as occurring in the loading of most 
divalent metal ions onto iminodiacetic acid chelating resins (Fernandez et al., 1995; 
Fernandez et al., 1993; Nativ et al., 1974). 
 
2.3  Ion Exchange Resins for the Adsorption of Nickel and 
Cobalt 
Nickel and cobalt are normally present as divalent cations in aqueous solution. 
Therefore, cation exchange resin and weakly acidic resins have been suggested and used 
for the adsorption of nickel and cobalt from hydrometallurgical process solutions. 
Weakly acidic resins with carboxylic groups offer high loading capacities but their use 
is limited due to poor selectivity over alkaline earth metals and they are only suitable for 
use in the or alkaline solutions. Cation exchange resins with phosphonic acid functional 
groups can be used in the slightly acidic range. However their selectivity which makes 
them readily adsorb copper, zinc and cadmium make them less effective for nickel and 
cobalt.  
Chelating resins carrying iminodiacetic acid groups have been long known to 
selectively recover nickel and cobalt from sulphate solutions. For common divalent 
non-ferrous metal cations, the selectivity of this type of resin ranks nickel second after  
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copper. Comparative selectivity orders of these three types of resins are given in Table 
2.3. 
Table 2. 3    Selectivity orders of the iminodiacetic acid chelating resins compared to 
carboxylic and phosphonic acid resins 
Resin Type  Selectivity Order  
Carboxylic resins  Cu
2+ > Pb
2+ > Zn
2+ > Cd
2+ > Ni
2+ > Ca
2+ 
Phosphonic resins  Cu
2+ > Zn
2+ > Cd
2+ > Mn
2+ > Co
2+ > Ni
2+ > Ca
2+ 
Iminodiacetic acid chelating resins  Cr
3+ > In
3+ > Fe
3+  > Al
3+ > Hg
2+ >UO
2+ >Cu
2+ > Pb
2+> Ni
2+ 
> Cd
2+ > Zn
2+ > Co
2+ > Fe
2+ > Mn
2+ > Ca
2+ > Mg
2+ 
 
Other chelating resins have been found to selectively adsorbed nickel and cobalt such as 
bispicolylamine, aminophosphonic acid and amidoxime.  
 
2.3.1  Iminodiacetic Acid (IDA) Chelating Resins 
Chelating resins with iminodiacetic acid (IDA) groups have been available 
commercially since the late 1950’s. These resins have an affinity for many polyvalent 
and transition metal cations. The functional group contains one amino and two 
carboxylic groups as shown in Figure 2.12. The chelate structure formed with a divalent 
cation is illustrated in Figure 2.13. 
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Figure 2.12  Chemical structure of iminodiacetic acid 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13  Chelate structure of iminodiacetic resin with divalent cation 
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The order of selectivity of these resins may vary depending on the method, materials 
and matrix used in the synthesis. Thus, it is expected that the chelating ability of the 
resins may differ slightly from one manufacturer to another.   
The weakly acidic nature of the carboxylic acid groups in the iminodiacetic resins 
makes them inefficient for operation at low pH (pH 1 – 2). The true ion exchange 
capacity can only be achieved in the range of pH 2 to 6 depending on the metal ion. 
Theoretically, this limits the applicability of the resin in hydrometallurgical operations 
since many metal cations are insoluble at pH values above 5. 
 However, because of the high selectivity shown for many metal ions combined with its 
macroporous structure that provides high resistance to osmotic shock, fast kinetics and 
high mechanical strength, this type of resin has been found to be superior to 
conventional cation exchange resins in slightly acidic (pH 4 to 5) solutions. Elution of 
adsorbed metals from this resin is relatively straightforward in that it can be achieved by 
lowering the pH using dilute acid.  
The titration curve of such a resin (Figure 2.14) is in agreement with that expected for a 
polyfunctional weak acid cation exchange resin. This curve shows the transitions in pH 
expected given the species present in increasing pH regions as shown in Figure 2.15.  
 
  
 
 
  
 
  59
 
 
 
 
 
 
 
Figure 2.14  Titration curve of a typical iminodiacetic acid chelating resin (Diaz 
and Mijangos, 1987)  
 
 
 
 
Figure 2.15  Protonations of the iminodiacetic species (Heitner-Wirguin and Ben-
Zwi, 1970)  
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2.3.2  Adsorption Behaviour of Nickel and Cobalt onto 
Iminodiacetic acid (IDA) Chelating Resins 
Nickel and cobalt are adsorbed onto iminodiacetic chelating resins through the 
following simplified ion exchange reaction, 
() 2.12                                                                                       H RM M RH
+ + + ⇔ + 2
2
2  
where overbars represent the species in the resin phase and M
2+ represents either nickel 
or cobalt.  
From the stoichiometry of this reaction, it is expected that for every metal cation loaded, 
two protons will be released into solution. The release of these protons to the solution 
will result in lowering of the pH of the bulk solution and thus affect the resin loading 
and kinetics. The resin is therefore able to extract nickel without pH control from 
solutions containing less than about 500 ppm of nickel at pH values between 4 and 5. 
Thus for solutions typical of laterite tails which normally contain less than 500 ppm 
nickel, pH control is not necessary. However, for higher nickel concentrations such as 
those in the pregnant leach slurries, pH control will be necessary.  
Theoretically, the loading capacity of the iminodiacetic resin will depend on its initial 
form (Moore, 2000). Conditioning or pre-treatment with strong bases like sodium 
hydroxide (NaOH), calcium hydroxide (Ca(OH)2) and ammonium hydroxide (NH4OH) 
will deprotonate the carboxylic acid groups and result in a higher operating capacity 
than can be achieved if the resin is in the acid form.  
For the recovery of nickel from laterite slurries, it is important to keep the pH as high as 
possible in order to maximise the adsorption of nickel and cobalt while limiting the  
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solubility of cations such as iron (III), chromium (III) and aluminium (III) which are 
strongly adsorbed but at the same time the pH should be low enough to avoid the 
precipitation of nickel and cobalt as hydroxides. Copper, if present in the pulp solution 
should also be removed prior to adsorption as it also can lead to temporary resin 
fouling. Figure 2.16 showed the adsorption capacity of these metals as a function of pH 
onto this type of resin.  
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Figure 2.16  Capacity of XE 718 for copper (II), iron (III) and nickel (II) as a 
function of pH (Melling and West, 1984)  
 
 
2.4  Recovery of Nickel and Cobalt by Ion Exchange 
There is limited literature dealing with the recovery of nickel and cobalt from laterite 
pulps and solutions. Most of the research work was carried out with either synthetic 
sulphate solutions or waste waters (Diaz and Mijangos, 1987; Green et al., 1998; 
Melling and West, 1984; Mijangos and Diaz, 1990; Outola et al., 2001).   
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The most common iminodiacetic chelating resins reported for the recovery of nickel and 
cobalt are TP 207, TP 208, IRC 748, S 930 and ES 466. Chelating resins with 
picolylamine and aminophosphonic active groups have also been proposed and 
investigated for this application (Duyvesteyn et al., 2000; Grinstead, 1984; Rawat and 
Bhardwaj, 1999). 
Detailed testwork on the recovery of nickel and cobalt from low grade leach pulps was 
carried out by Green and co-workers (Green et al., 1998). Both iminodiacetic chelating 
and carboxylic acid resins were examined. Iron and copper present in the solution were 
removed by oxidation and neutralisation prior to loading. They found that both resins 
achieved maximum nickel loading at a pH value of 5. At lower pH values, the capacity 
of the carboxylic acid resin decreased significantly compared to the IDA chelating resin 
as shown in Figure 2.17. The latter resin was also more selective for nickel over calcium 
and magnesium. Calcium loading should be limited in order to avoid precipitation of 
gypsum during elution with sulphuric acid.  
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Figure 2.17  Effect of pH on nickel loading (Green et al., 1998)   
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Counter current RIP tests were carried out with the IDA resin in three stages. The pH of 
the loading was maintained throughout the test at pH 4 by caustic addition. They 
achieved the nickel and cobalt recovery of 98% and 90% respectively. Elution of the 
loaded resin was easily established using less than 3 bed volumes of 1 M sulphuric acid. 
Metal concentrations in solution and on the resin at each stage are presented in Table 
2.4 and the elution profile is shown in Figure 2.18. 
Table 2. 4    Counter-current RIP Extraction of Metal Cations from Nickel Liquor* (Green 
et al., 1998)  
Metal      Stage   
  Feed  1  2  3 
  Metal in solution leaving stage, g/m
3 
Ni 3700  3400  1700  126 
Co 62  58  31  5 
Mg 640  650  790  770 
Ca Saturated  Saturated Saturated  Saturated 
Fe  11  < 1  < 1  < 1 
  Metal on resin, g/l 
Ni   64  43  13 
Co   1.1  1.2  0.3 
Mg   0.7  1.0  3.8 
Ca   1.9  2.2  2.2 
Fe   0.4  0.2  0.1 
*Volume of resin per stage: 150 ml; volume of stage (contactor): 100 ml; 
resin transfer rate: 1 stages every 4 hr; pulp flow-rate: 700 ml/hr; pH 
maintained at 4 in each stage with 2 M NaOH. 
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Figure 2.18  Elution profile for iminodiacetic resin with 1 M sulphuric acid 
(Green et al., 1998)   
A patent on the use of chelating resin for the recovering nickel and cobalt specifically 
from pregnant leach pulps was carried described by Duyvesteyn and co-workers 
(Duyvesteyn et al., 2001). In this case the work was carried out using a bipiscolylamine 
type chelating resin. High concentrations of impurities like iron and copper were 
precipitated by neutralisation prior to loading as shown in Table 2.5. The precipitated 
metals do not appear to interfere with the loading of nickel and cobalt onto the resin. 
The loading was carried out at pH around 4 and elution was carried out using 1 M 
sulphuric acid. This patent however does not report on the actual feed data and barren 
concentration. The low nickel concentration obtained from elution of the loaded resin 
also does not reveal a significant enrichment of the metals on the resin. This type of 
resin was not considered for this study because of its high cost which would not allow 
for its use in a glance, low-grade RIP application. 
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Table 2. 5    Partial precipitation of iron and copper during neutralisation (Duyvesteyn et 
al., 2001)  
Sample   pH  Metal ions  
(g/l) 
    Ni  Co  Fe  Cu 
Leachate 1.8  8.6 0.33 2.3 0.048 
Neutr. A  3.0  8.7  0.31  1.9  0.013 
Neutr. B  3.5  8.7  0.33  1.9  0.007 
 
Laterite leach solutions contain valuable nickel and cobalt ions plus other impurity ions 
such as iron, copper, magnesium, manganese, chromium and aluminium. Thus, the 
preferred resin is the one that can selectively adsorb nickel and cobalt from the other 
impurities. Chelating resins with iminodiacetic active groups are the most suitable of the 
readily available relatively inexpensive commercial products for this application.  
A number of properties have to be taken into account in the selection of the most 
appropriate adsorbent. The most important of these are matrix, structure, functional 
group, physical form and size, resistance to fouling and osmotic shock and chemical 
stability. Screening of resins from different manufacturers should be carried out because 
the performance can vary depending on the method and material used in the synthesis.  
Adsorption of iron (III), copper and chromium(III) should be avoided as these ions are 
loaded more strongly than nickel or cobalt and are difficult to elute and can cause 
temporary poisoning which limits the repeated used of the resin.  These elements can be 
removed from solution through precipitation in a neutralisation stage before loading. In 
addition to removal of these impurities, the neutralisation stage also adjusts the slurry 
pH to a value around 4-5 to provide optimum loading of the nickel and cobalt onto the 
resin.   
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Generally, the ideal resin is required not only to achieve the highest nickel and cobalt 
recoveries but also at the same time should accommodate the engineering requirements 
of the RIP process. Particle size and physical strength of the resin are the two most 
important considerations in this regard. The resin should be strong enough to withstand 
degradation as a result of osmotic shocks in the different chemical environment during 
loading and elution cycles and also abrasion in the harsh physical environment of a 
well-mixed slurry.  
The optimum bead size of the resin is an important parameter in order to satisfy the 
conflicting requirements of rapid kinetics but ease of screening in the RIP process. 
Large resin bead sizes above 0.6 mm are preferred as the smaller resins require small 
aperture screens that hamper the flow of pulp.   
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Chapter 3  
Materials and Methods 
This chapter contains details of the materials used and describes the experimental 
methodology used in the conduct of the laboratory and the pilot plant testwork. 
Unless stated all laboratory tests using synthetic solutions were prepared using 
distilled water. 
 
3.1  Reagents and Chemicals  
The lists of the chemicals and resins used are given in Table 3.1 and Table 3.2 
respectively.  
 
 
 
 
 
  
 
  68
Table 3. 1    Chemicals 
Reagents  Chemical 
Composition 
Grade  Supplier 
Ammonia solution (28%)  NH4OH. NH3 Analytical  APS 
Ammonium chloride  NH4Cl Laboratory  AJAX 
Cobalt sulphate  CoSO4. 7H2O Analytical  APS 
Hydrogen peroxide  
(30% w v
-1) 
H2O2  Analytical BDH 
Magnesium sulphate  MgSO4. 7H2O Analytical  APS 
Manganese(II) sulphate  MnSO4. H2O Analytical  APS 
Murexide C8H8N6O6  Laboratory SIGMA 
Nickel sulphate  NiSO4. H2O Analytical  APS 
Phenolphthalein (HOC6H4)2CCH6H4COO Analytical  AJAX 
Potassium chloride  KCl  Analytical  APS 
Potassium nitrate  KNO3 Analytical  APS 
Finechem 
Sodium sulphate, powder  Na2SO4 Analytical  APS 
Sulphuric acid (98%)  H2SO4 Analytical  Scot 
Scientific  
 
Table 3. 2    Chelating resins 
Resin   Functional group  Matrix  Manufacturer 
Amberlite IRC 748  Iminodiacetic Acid  Styrene DVB  Rohm and Hass  
Lewatit TP 207  Iminodiacetic Acid  Styrene DVB  Bayer  
Lewatit TP 208  Iminodiacetic Acid  Styrene DVB  Bayer  
Purolite S 930  Iminodiacetic Acid  Styrene DVB  Purolite 
 
 
 
  
 
  69
3.2  Preparation and Characterisation of Resin Samples 
3.2.1  Preconditioning  
All of the resin samples were obtained from the manufacturers in the sodium form. 
The resins were washed with distilled water and converted to the hydrogen form by 
passing 5 bed volumes of 1 M sulphuric acid through the resin in a column. The resin 
was then washed with distilled water to neutrality and left to dry in the open air until 
the beads became free rolling. The resins were stored in sealed bottles. 
 
3.2.2  Particle-size Distribution 
It is well known that the particle-size of the resins plays an important role in the rates 
of ion exchange processes and it is one of the requirements for consistent and reliable 
results. The particle-size distribution of the preconditioned resin beads was 
determined by manual dry-sieving using five different aperture sizes (600µm, 
500µm, 355µm, 250µm and 180µm). A small sample of each resin was sieved 
carefully to avoid blinding the sieve openings and to prevent damage to the resin and 
the sieve. The percentage of each size fraction then was calculated by dividing the 
mass of resin retained by the screen to the total mass of the resin sieved (Equation 
3.1). The sieving was repeated three times and an average taken to reduce the relative 
percentage error.  
() 3.1 x
M
M
SF
rt
ro 100 =  
where,  
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  SF   =   Percentage of particular size fraction (%), 
 M ro   =   Mass of resin retained (g), and 
 M rt   =   Mass of total resin sieved (g). 
 
3.2.3  Density 
The density is important for conversion purposes and is measured as follows. Ten 
grams of free-rolling resin in the appropriate ionic form were soaked in de-ionised 
water for four hours. The fully swollen beads were then added to a 50 ml graduated 
cylinder and topped up with de-ionised water. The beads were agitated to remove 
any air bubbles. The cylinder was capped and then tapped several times on the 
bench. The tapped volume of resin was recorded after 1 minute. The above 
procedure was repeated three times and the average value of the volume was 
recorded.  The density is then calculated using the Equation 3.2. 
() 3.2
V
M
ρ
r
r
r =  
where, 
ρr   =   Wet- settled density (g/ml), 
Mr   =   Mass of dry resin (g), and 
Vr   =   Wet-settled volume (ml) 
 
  
 
  71
3.2.4  Determination of Wet Volume Capacity (WVC) by Acid-base 
Titration 
The capacity of an ion exchanger is the number of ion-exchange sites per unit mass 
or volume. In this case, the total wet volume capacity was defined as the amount of 
iminodiacetic groups per litre of wet settled resin obtained from acid-base titration. 
Titration was performed using an automated titrator (Figure 3.3) which consists of a 
PHM 82 standard pH meter (Radiometer, Copenhagen) with an ABU 80 autoburette 
controlled by TTT 80 titration control and a combined Radiometer pH electrode (ref. 
pHC2005).  
The resin in the sodium form was first converted completely to the hydrogen form 
with 1 M sulphuric acid and washed with distilled water until the pH of the solution 
leaving the column was greater than 2. Prior to titration, a known volume of resin 
was equilibrated with a known volume of water. The titration then was carried out by 
adding increasing amounts of 1 M sodium hydroxide to a beaker containing a sample 
of the resin in water. Time for equilibration was allowed between additions. Titration 
of the H
+  form of the resin with NaOH liberates protons ions into solution by 
exchange with sodium ions and these are neutralized by the hydroxide ions added: 
() 3.3                                                                O H RNa NaOH RH 2 2 2 2 2 + ⇔ +  
For the iminodiacetic acid chelating resin, the acid groups are weakly dissociated 
which means that the H
+/Na
+ exchange remains incomplete. Hence, the pH in the 
aqueous phase rises noticeably even in the early stages of the titration. With 
increasing concentrations of Na
+ and OH
- in the solution, the ion exchange is driven 
more and more to completion. The pH rises sharply when the two carboxylic groups  
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are completely converted to the Na
+ form. The capacity of the resin can be directly 
calculated from the consumption of sodium hydroxide at the inflection point.  Figure 
3.1 shows a typical titration of an iminodiacetic acid chelating resin. The wet volume 
capacity of such an ion exchange resin can be calculated by Equation 3.4. 
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Figure 3.1  Typical pH titration curve for iminodiacetic acid chelating resins 
 
() 3.4                                                 S
V
C V
    WVC
rH
NaOH NaOH ×
×
=
+
 
where,  
WVC  =   Wet volume capacity (eq/l) 
 V rH+  =   Volume of the resin in proton form (ml) 
VNaOH  =   Volume of NaOH required (ml) 
CNaOH  =   Concentration of NaOH (mol/l) 
Inflection point  
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S  =   Swelling ratio 
  =    
  (ml)   form H   in    resin   of   Volume
(ml)   form Na   in    resin   of   Volume
+
+
  
     
 
3.2.5  Breakdown of Resin Beads 
Breakdown of the resin beads were examined for both fresh and loaded resins. The 
wet resin was collected and screened into various size fractions (>500µm, 355 - 
500µm, 250 - 355µm and 150 - 250µm) and dried. Three resins samples were taken 
from each size fraction and examined under an optical microscope equipped with a 
digital camera. Each micrograph as shown in Figure 3.2 was examined and the beads 
characterized in terms of the percentage which were chipped, cracked or broken.   
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Figure 3.2  Photomicrograph of whole, chipped, cracked and broken resin beads (size 
+355µm) 
 
Chipped 
Cracked 
Broken 
Whole 
beads  
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Figure 3.3  pH stat set up. (a) Labview system, (b) pH meter, titrator and autoburette, (c) Sodium hydroxide, (d) pH 
electrode, (e) Temperature probe and (f) Agitator 
(a) 
(b) 
 (c) 
(d) 
(e) 
(f)  
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3.3  Analysis 
3.3.1  Solution Assay 
Solutions were assayed by atomic absorption spectrophotometry (AAS) or 
inductively-coupled plasma spectrophotometry (ICP) for all metal ions involved. 
AAS analyses were performed using a GBC 933 AAS machine using the Murdoch 
Extractive Metallurgy facilities and ICP analyses were carried out commercially at 
the Marine and Freshwater Research Laboratory, Murdoch University and Ultratrace 
Laboratory, Western Australia.  Standards were either purchased commercially or 
made from the dissolution of AR grade metals. All pilot plant solid and liquid 
samples were analysed on site at Murrin-Murrin using ICP.  
 
3.3.2  pH-Eh Measurement 
pH measurements were taken using a TPS universal pH probe and TPS meter. Eh 
measurements were taken using a platinum electrode and an Hg│Hg2SO4 reference 
electrode or a calomel electrode, measured on the TPS meter. The pH was calibrated 
daily using BDH pH standards of pH 4 and 7.  
 
3.3.3  Titration Analysis for Nickel 
This method was employed to determine the concentration of nickel in synthetic 
solution and is described by Vogel (1978) as follow. 0.1 g of murexide and 10 g of 
potassium nitrate were ground together and used as an indicator. A 1 M ammonium  
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chloride solution was prepared by dissolving 26.75 g of AR grade NH4Cl in 500 ml 
deionised water. The titrant, 0.01 M EDTA was prepared from a 0.1 M ampoule of 
reagent.  
Titration procedure: 
1.  2 ml of solution sample was placed in a 500 ml beaker and diluted to 200 ml 
with distilled water.  
2.  25 ml of the diluted solution were pipette into 250 ml conical flask.  
3.  0.05 g of murexide and 10 mL of NH4CL were added to the solution. 
4.  The solution was neutralised (pH 7) by adding few drops of NH3 (the solution 
become yellow). 
5.  The solution was then titrated with 0.01 M EDTA to the end point (yellow to 
violet colour change) (if necessary, the solution can be maintained alkaline by 
addition of 10 ml concentrated NH3). 
The calculation of nickel concentration is shown in Equation 3.5. 
() 3.5                                              
V
C V
(g/l   ion Concentrat   Nickel
s
EDTA EDTA 71 . 58 ) ×
×
=  
where, 
VEDTA    =   Volume of EDTA added (ml) 
 C EDTA     =   Concentration of EDTA (mol/l) 
 V S    =   Volume of sample (ml) 
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3.4  Equilibrium and Kinetic Studies  
Equilibrium isotherm and kinetic studies were carried out for the interaction of the 
resins with nickel, cobalt, manganese and magnesium in acidic sulphate media. 
Manganese and magnesium are the two major impurities present in typical nickel 
laterite leach liquors following iron removal. Both equilibrium and kinetic studies for 
each metal ion were performed at pH values of 3, 4 and 5. 
These studies were conducted using the automated titration set-up (Figure 3.3). This 
equipment maintained the desired pH constant by the addition of sodium hydroxide 
to neutralise the protons released by exchange of metal ions on the resin.  It was used 
in a combination with a data acquisition computer utilizing Labview version 5.1 
software which allowed the acquisition and logging of the pH and the amount of base 
added to maintain the pH. The reactions during adsorption and neutralisation are 
given in Equation 3.6 and 3.7 respectively.  
Adsorption  
() 3.6                                                                                       H RM M RH
+ + + ⇔ + 2
2
2  
Neutralisation  
() 3.7                                                                                       2Na    O H NaOH H
+ + + ⇔ + 2 2 2 2  
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3.4.1  Procedure for Obtaining Equilibrium Isotherms 
The ion exchange resin beads used in these experiments were in the size range 355 -
500µm. The sulphates of the four desired metals were individually dissolved in water 
and the pH adjusted to 3, 4 or 5. Equal volumes of each solution were then 
repeatedly equilibrated with different volumes of wet resin. The volume of the resin 
to be used was estimated by calculation based on the resin capacity. After the resin 
reached equilibrium with the solution (about 4 hours), it was separated from the 
solution, washed and stripped of the loaded metal ion. Both the equilibrium solution 
and the stripped solution were sampled and analysed. The stripped solution gives the 
amount of the metal ion loaded onto the resin. Each pair of values was used as an 
equilibrium point on the isotherm for each metal at the appropriate pH.  
The detailed procedure used to establish the equilibrium isotherms is as follows: 
1.  250 ml of metal sulphate solution was placed in a 500 ml beaker and agitated 
using an agitator equipped with a special raised plastic impeller to reduce resin 
degradation.  
2.  The solution was maintained at 25
o C using an IKAMAG RCT hot plate with an 
IKATRON EST-D4 temperature control (room temperature was kept below 
25
oC). Once a constant temperature was established, the pH of the solution was 
adjusted to the desired value using sulphuric acid or sodium hydroxide. 
3.  A calculated volume of wet, protonated form of resin then was added to the 
solution in the beaker.  
4.  At the same time, the automatic titrator was started and the data acquisition 
system initialized. The former maintained the solution pH at the preset value 
with controlled additions of sodium hydroxide.   
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5.  The volume of base added from the autoburette was logged on to computer 
using Labview software and plotted as a function of time. This allowed easy 
observation of the system as it approached the equilibrium.  
6.  Once equilibrated (about 4 hours), the resin was filtered and washed with 
distilled water. The solution was collected with the wash water and made up to 
500 ml volume using distilled water and sampled for analysis.  
7.  The washed resin was then stripped using 250 ml of 1 M sulphuric acid in a 
bottle on a roller for 2 hours. Following the bottle roll, the resin was filtered and 
washed with water. The wash water was combined with the eluate and made up 
to 500 ml and sampled for analysis. The stripped resin was washed with water to 
neutrality, dried and stored for further use. Complete stripping was apparent 
from the colour of the stripped resin. 
 
3.4.2  Kinetics of Loading 
The rate of loading of the metals onto the selected resin was obtained by analysing 
the data obtained during the approach to equilibrium. Theoretically, the volume of 
the sodium hydroxide added to neutralise the protons released from the resin is 
equivalent to the amount of metal ion loaded onto the resin. This was shown in 
Equations 3.6 and 3.7 in section 3.4.  
Thus the volume of sodium hydroxide added during the equilibration procedure and 
logged as a function of time can be used to calculate the rate of the adsorption of the 
metal ions onto the resin.  
  
  81
3.5  Loading of Nickel and Cobalt from Pulp 
The pulp sample was kindly supplied by Anaconda Nickel Limited from their 
pressure acid leach plant at Murrin-Murrin in Western Australia. The pH was not 
controlled during the adsorption experiments as the pH drop was found to be small 
due to the natural buffering capacity of the pulp. All the testwork on pulp was carried 
out using beads of size greater than 600µm.  
 
3.5.1  Laboratory Testwork 
3.5.1.1  Preparation of the Pulp 
The PAL pulp sample supplied by Anaconda was the underflow from the last stage of 
the counter-current decantation (CCD) circuit on the plant and contained approximately 
0.5 g/l of soluble nickel at a pulp density of about 30-35% solids. The pulp was 
neutralized to pH 4 with calcrete (supplied by Anaconda) and oxidized by bubbling with 
air at 60
oC in order to precipitate iron. In addition, a small amount of hydrogen peroxide 
was added to accelerate the precipitation of iron. The oversize solids were removed 
from the pulp by screening at 250µm in order to allow the separation of slurry and 
loaded resin (>600 µm) by wet screening prior to elution. 
 
3.5.1.2  Loading of Nickel and Cobalt 
The adsorption behaviour of nickel, cobalt and several impurity ions were examined 
using a batch equilibration technique. A measured amount of the prepared feed slurry  
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was allowed to equilibrate with a known amount of resin. After equilibration, resin 
and slurry were separated by wet screening. The loaded resin was then washed with 
distilled water and eluted with 250 ml 1 M sulphuric acid using a bottle roll for 2 
hours. The concentration of metals remaining in the slurry and the eluate from 
elution were analysed for the appropriate metal ions.  
 
3.5.1.3  Equilibrium Isotherm for Nickel and Cobalt 
Equilibrium isotherms were established in a similar way to the testwork carried out 
on solutions in section 3.4 using a batch equilibration technique.  Fixed volumes of 
pulp were contacted with different wet-settled volumes of resin until equilibrium was 
attained. After equilibrium was reached, the resin was separated by screening, 
washed and eluted. The concentrations of metal ions in solution phase of the pulp 
after equilibration and that in the eluate were analysed. 
 
3.5.1.4  Kinetics of Loading 
The rate of loading of nickel onto the selected resin was carried out in a batch 
experiment as explained in section 3.5.1.2. At various time intervals, a sample of 10 
ml of the slurry was taken using syringe, the resin separated from the sample slurry 
by screening and returned to the original slurry. The pulp samples were filtered and 
the solutions analysed. After 4 hours, the loaded resin was separated from the slurry, 
washed and eluted. The concentrations of the metals remaining in the slurry and in 
the eluate were analysed.   
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3.5.1.5  Elution Profiles 
In ion exchange practice, the flowrate is normally referred to in terms of bed volume 
(BV) per hour. Bed volume or BV is the volume of a resin in a column. In this 
testwork the elution profiles of the resins were determined using a glass column with 
a bed volume (BV) of 100 ml. The eluant which consisted of a 1 M sulphuric acid 
solution was pumped downflow through the column by a peristaltic pump at 2 
BV/hr. An auto sampler was used to collect a number of 10 ml samples of eluate 
which were then analysed. Figure 3.4 shows the diagram of elution set-up.  
 
 
 
 
 
 
 
 
 
Figure 3.4  Elution set up 
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3.5.2  RIP Miniplant Operation 
Counter current RIP miniplant experiments were performed to initially investigate 
the technical feasibility of this process for the recovery of nickel and cobalt from 
laterite leach pulps and to assist with the design and establish operating conditions 
for larger scale pilot plant testwork.  
 
3.5.2.1  Feed Preparation 
The pulp sample supplied by Anaconda Nickel Limited was the seventh stage CCD 
underflow and contained approximately 0.4 g/l of soluble nickel with a solids content of 
35% solid (~5% > 250μm). The pulp was neutralised to pH 4 with calcrete (supplied by 
Anaconda) and oxidised at 60
oC for several hours. The oversize particles were removed 
from the pulp by pre-screening at 250μm using a Syntron vibrating screen and 
transferred to a 100 l mechanically agitated feed tank.  
 
3.5.2.2  Adsorption 
A custom-built resin-in-pulp mini-plant with five 2 l contactors was used during the 
operation of the miniplant. Each contactor was equipped with a 425μm peripheral 
screen to retain the resin beads, while permitting the slurry to flow through the plant by 
gravity, from stage 1(S1) through the last stage to waste.  The detailed diagram of the 
contactor is given in Figure 3.5 and 3.6. 
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Figure 3.5  Side elevation view of miniplant contactor 
 
 
Figure 3.6  Plan view of miniplant contactor  
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The feed to the miniplant was drawn from the feed tank using a Cole-Parmer peristaltic 
pump at a fixed flowrate of 4 l/hr. Each of the stages contained a specific volume of 
resin designed to yield optimum loading of nickel onto the resin from stage S1 and a 
suitably low nickel concentration in the barren slurry exiting the last stage S5.  
The resin was transferred counter-current to the pulp by pumping the pulp (and resin) 
using small peristaltic pumps from each stage. The gap on the pump head was adjusted 
in such a way as to permit the desired flow while at the same time preventing breakage 
of the resin. The backmixing flow was fixed at 0.6 l/hr to obtain the optimum contact 
time between resin and pulp. A schematic diagram showing the pulp and resin flow is 
presented in Figure 3.7 and a photograph of the miniplant is given in Figure 3.8. 
 
 
  
 
 
 
 
 
 
Figure 3.7  Flowsheet depicting the RIP miniplant operation 
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Figure 3.8  Photograph of the RIP miniplant 
In each stage vigorous agitation was provided by IKA Werk RW20 overhead stirrer to 
ensure efficient contact between the resin beads and the pulp, and to produce an 
adequate shear velocity across the screen to avoid blockage by the resin beads. The 
miniplant was operated in a counter-current mode with the feed pulp being pumped into 
stage 1 in the circuit, which contained resin with the highest nickel loading, while the 
barren pulp emerged from the last stage, which contained resin with the lowest nickel 
loading.  
The loaded resin from S1 was screened from the pulp, washed and eluted with sulphuric 
acid and the eluate analysed for nickel and other competing metal ions in order to 
determine the resin loading. All the analyses were carried out using inductively coupled 
plasma optical emission spectrometry (ICP-OES). Fresh resin was added periodically to 
the last stage.  
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3.5.2.3  Elution 
Elution of the loaded resin was carried out in a glass column with a bed volume (BV) of 
100ml. The eluant was supplied to the column by using a peristaltic pump at 2 BV/hr. 
Fractions consisting of 10 ml of the eluate were obtained using an autosampler and 
analysed by ICP-OES.  
 
3.5.3  Pilot Plant Operation 
Following the success of the miniplant experiments in the laboratory, it was decided 
to operate a larger scale pilot plant on site at Murrin-Murrin.  
 
3.5.3.1  Feed Preparation 
The pulp sample was a CCD 7 underflow and contained approximately 0.2 g/l of 
nickel at a solids content of 20%. The pulp was pumped to a 10 m
3 fibre-glass 
mixing tank equipped with a three-phase agitator and neutralised to pH 4 with 50 l 
calcrete slurry from the plant. The pulp was oxidised at room temperature to 
precipitate iron by bubbling with air for 2 days. In addition, 2.5 l of hydrogen 
peroxide were added to accelerate the precipitation of iron.  
The hydrostatic head in the neutralisation tank allowed flow of the pulp over a Kason 
vibrating screen on which it was screened at 180μm to remove oversize particles. 
The underflow was fed directly to a 150 l mechanically agitated feed tank that was 
sited under the vibrating screen.   
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3.5.3.2  Adsorption 
A custom-built resin-in-pulp pilot plant with five 40 l contactors was used during the 
operation of the pilot plant. Each contactor was equipped with a 425μm peripheral 
screen to retain the resin beads, while permitting the slurry to flow through to the 
next stage by gravity. The feed to the pilot plant was drawn from the feed tank using 
a peristaltic pump at a fixed flowrate of 80 l/hr. The resin was transferred counter-
current to the pulp by using airlift devices, which were attached to the each tank. The 
detailed diagram of the contactor is given in Figure 3.9 and 3.10 and the flowsheet of 
the process is shown in Figure 3.11. 
The regulation of air to the airlifts and therefore the backmixing flowrate was 
controlled by a rotameter installed in the air line to each tank. The backmixing flow 
was fixed at 12 l/hr to obtain an optimum residence time for the resin. In each stage, 
mechanical agitation was provided by a Coframo overhead stirrer fitted with a 4-
bladed impeller with crossed blades at 250 rpm to ensure efficient contact between 
the resin beads and the pulp and to produce a rapid shear velocity across the screen to 
avoid blockage by the resin beads. Fresh resin was added periodically to the last 
tank.  
Photographs of the RIP plant and each unit involved are given in Figure 3.12 to 
Figure 3.14. 
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Figure 3.9  Side elevation view of pilot plant contactor 
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Figure 3.10  Plan view of pilot plant contactor 
 
 
 
  
  92  Figure 3. 11  Flowsheet depicting the recovery of nickel from CCD tails by a RIP  pilot plant  
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Figure 3.12  Photograph of the RIP pilot plant 
 
 
Figure 3.13  Photograph of airlift and overflow screen 
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Figure 3.14  Photograph of rotameter and air header 
 
 
Figure 3.15  Photograph of loaded resin vibrating screen 
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3.5.3.3  Elution  
The loaded resin was screened from the pulp by a Syntron vibrating screen (Figure 
3.15). The underflow pulp flowed to the plant sump and a small bucket was used to 
collect the loaded resin. The loaded resin was then washed with water and transferred 
periodically to a 20 l elution column. The detailed schematic diagram of the column is 
given in Figure 3.16. After loading, the resin in the column was washed at 30 l/hr with 
process water from the plant for approximately 30 minutes to remove as much entrained 
pulp particles as possible.  
1M sulphuric acid was then pumped up-flow through the column at 18 l/hr and the 
eluate collected in a 20 l plastic tank. The elution process takes approximately 3 hours. 
Samples of eluate were taken every 10 minutes and analysed by ICP-OES. On 
completion of the elution, the column was washed again with process water until the 
solution exiting the column had a pH of at least 3. The volume of the eluate was 
measured and a sample was taken to be analysed. The regenerated resin was drained out 
of the column and manually recycled to the adsorption circuit. Diagram of the elution 
set-up is shown in Figure 3.17 and the photograph is given in Figure 3.18. 
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Figure 3.16  Side elevation view of elution column 
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Figure 3.17  Schematic diagram of elution set up 
 
 
Figure 3.18  Photograph of elution column  
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Chapter 4 
Results and Discussion 
Detailed results of the testwork are produced on the attached CD. 
4.1  Preliminary Testwork 
Preliminary batch testwork with a laterite leach pulp was conducted in order to explore 
the characteristics of the loading of nickel and cobalt from this type of material. In all 
tests, the iminodiacetic resin IRC 748 in the size range between 0.6 and 1 mm was used 
and the pulp was screened at 250µm in order to remove oversize solids to facilitate 
separation of the resin beads from the pulp.  
The first loading test was carried out by contacting the resin with the pulp without 
neutralisation for 2.5 hours. The pH of the pulp was first increased to about pH 4 and 
maintained through out the loading by the addition of 1 M sodium hydroxide solution. 
The analysis of the feed and the results of the test are given in Table 4.1. The results 
show that the resin only achieved a loading of about 7.57 g Ni/ l of resin after 2.5 hours. 
This value is only 20% of the resin capacity. The main reason for the suppression of 
nickel loading is believed to be caused by competition from the strongly adsorbed iron 
(III) ions present in the pulp solution. Thus, as shown in Table 4.1, almost all of the iron  
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is adsorbed on the resin.  In fact total metal loading in Table 4.1 is equivalent to 117% 
of theoretical capacity. Confirming a strong loading of iron. 
Table 4.1  Preliminary  test results 
Pulp samples  Ni (g/l)  Fe (g/l) 
Feed 0.5880  0.9856 
Barren 0.3642  0.0162 
Loading 7.57 34.98 
 
Loading of iron can also be physically observed from the yellow colour of the loaded 
resin. As a result of this, a technique was developed in the laboratory in order to 
precipitate the iron. This involved the oxidation and neutralisation by aerating the pulp 
and increasing the pH up to about 4 by the addition of lime at an elevated temperature 
of 60
oC for 2 hours. Analysis of the pulp (Table 4.2) shows that almost 100% of the iron 
was precipitated under these conditions.  
Table 4.2  Neutralization of the feed pulp 
Pulp sample  Fe (g/l) 
Feed 0.9856 
After neutralisation  0.0005 
 
A loading test carried out using the neutralised pulp under similar conditions revealed a 
significant increase in the nickel loading to 14 g/l. The green colour of the loaded resin 
confirmed the absence of loaded iron. Subsequent pulp tests were carried out using only 
neutralised pulp.   
The time to reach equilibrium was established by carrying out a kinetic test for 20 
hours. Samples were taken every hour during the first four hours and at 18 hours and 20 
hours when the test was completed. The results in Figure 4.1 revealed that equilibrium  
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was essentially achieved after 4 hours. The maximum loading of nickel was increased to 
22 g/l compared to only 14 g/l in 2.5 hours from the previous loading test. For this 
reason, 4 hours contact time was used for all subsequent loading tests. The reason for 
the difference in the loading between these experiments is not known but it appears that 
the higher loading is probably an error. 
The effect of a higher pH on the rate of loading of nickel was evaluated in a test at pH 
4.76. The results are given in Figure 4.2 which also shows the data for loading at pH 4 
from the previous kinetic test. It is apparent that the rate of loading is not affected by pH 
in this pH range, although the equilibrium loading is slightly greater at the higher pH 
value. 
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Figure 4.1  Kinetics of loading of nickel onto resin ( pH 4, resin volume 13.5 ml, 
agitator speed 200 rpm) 
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Figure 4.2  Kinetics of nickel loading at pH 4 and 4.76 (Resin volume 13.5 ml, 
agitator speed 200 rpm) 
Another observation made during this preliminary test was that the pulp pH dropped 
after the loading. It was observed that when the initial pulp pH is 4, the pH of the barren 
pulp after resin loading would drop to about 3.60 and when the initial pulp pH was 4.7-
4.8 the pH would drop to about 4.30. As discussed before in the Chapter 2, it is 
important to keep the pH as high as possible in order to maximise the adsorption of 
nickel and cobalt but at the same time the pH should be low enough to avoid the 
precipitation of nickel and cobalt as hydroxides. Therefore, in subsequent tests, the pulp 
was neutralised to a pH of about 4.5 to 4.8 in order to ensure that the final value is about 
4.  
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4.2  Oxidation and Neutralisation of the Pulp 
This aspect of the study involved an investigation of the behaviour of all metals present 
in the CCD tails during the oxidation and neutralisation stage which precedes the 
adsorption process. The concentrations of the various metal ions and the density of the 
tailings pulp (CCD underflow) can vary greatly depending on the efficiency of the CCD 
circuit. Under normal operating condition, the tailings contain about 0.5 g/l nickel and 
0.05 g/l cobalt in solution with a pulp which contains about 35% solids at a pH value of 
2.5. A typical analysis of the solution phase and the properties of the pulp are given in 
Tables 4.3 and 4.4 respectively. 
Table 4.3  Composition of CCD pulp underflow solution phase 
Concentration (g/l) 
H2SO4  Al  Ca  Co  Cr  Cu  Fe  Mg  Mn  Ni  Zn 
1.11  0.96  0.56 0.04 0.206 0.002 0.740  9.72 0.63 0.42  0.006 
 
Table 4.4  Pulp properties 
Solids (%)  Eh  
(mV (AgCl)) 
pH  Pulp Density 
(g/cm
3) 
30 410  2.18  1.28 
 
As observed in Table 4.3, iron, chromium and aluminium are the main competitive 
absorption impurities present in the solution at this pH. The aim of the adsorption stage 
is to selectively extract nickel and cobalt while rejecting the other impurities in the pulp 
solution. Since all the three main impurity ions adsorb strongly on this type of resin, it is 
important to remove these impurities before the loading as they will significantly reduce 
the selectivity and loading capacity for nickel. Furthermore, loading of these metals 
could also lead to resin fouling as they are difficult to elute with dilute acid. No attempt  
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was made during this study to remove magnesium, manganese and calcium as these 
metals are not strongly adsorbed by the resin at low pH values. 
About 70% of the iron in the pulp solution is present as iron (II). In the preliminary 
testwork it has been shown that iron can be efficiently removed from the solution by 
oxidation and neutralisation. In practice, the PAL plant neutralises the CCD tails to a 
pH around 6-7 before release to the tailings dam. Thus, neutralisation to a pH value of 
about 4.5 can be considered a step in the overall process.  
The pulp is first aerated to promote the oxidation of iron (II) to iron (III) by Equation 
4.1: 
(4.1)                                                                   O H Fe H O Fe 2
3
2 2
1 2 2 2 2 + → + +
+ + +   
As the reaction proceeds by consuming acid, the pH of the pulp slowly increases to 
about pH 3. A neutralising agent is added to the pulp to further increase the pH to about 
4.5. As the pH increases, iron (III), chromium (III) and aluminium (III) are precipitated 
as their respective hydroxides as shown in Equation 4.2. 
(4.2)                                                            ppt OH Al Cr Fe OH Al Cr Fe ) ( ) ( / / 3 / / 3
3 3 3 → +
− + + +  
It is important to control the rate of addition of the neutralisation agent in order to 
ensure complete reaction and minimize the loss of nickel and cobalt into the precipitate 
if the pH increases too rapidly. Lime, limestone, caustic, soda ash and ammonium 
hydroxide are among the neutralisation agents which are readily available. In this 
testwork, calcrete (containing 25% calcium carbonate) which is readily available at the 
Murrin Murrin site was used as the neutralising agent.  
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At room temperature, this process proceeds at very slow rate and the pulp should be left 
for at least 48 hours to ensure adequate precipitation of the impurity metal ions. Heating 
of the pulp to 60
o C prior to neutralisation was found to significantly reduce the time 
required for adequate metal precipitation under normal operating conditions. However, 
no attempts were made to optimise this process on site during the operation of the pilot 
plant. The results of precipitation of the metal ions during the oxidation and 
neutralisation stage are given in Table 4.5.  
Table 4.5  Analysis of pulp during neutralisation and oxidation 
Pulp pH  Metal concentration (g/l) 
  Al  Ca  Co  Cr  Cu  Fe  Mg  Mn  Ni  Zn 
2.18  0.96 0.56  0.043  0.206 0.002 0.740  9.72 0.63 0.42  0.006 
3.73  0.55 0.58  0.042  0.106 0.001 0.161  9.57 0.66 0.39  0.005 
3.74  0.52 0.56  0.042  0.096 0.001 0.151  9.46 0.64 0.39  0.004 
3.86  0.37 0.55  0.043  0.063 0.001 0.144  9.58 0.65 0.40  0.005 
4.10  0.18 0.54  0.041  0.026 0.001 0.080  9.51 0.64 0.37  0.004 
4.33  0.07 0.55  0.040  0.007 0.001 0.032  9.58 0.65 0.38  0.004 
4.70  0.06 0.53  0.040  0.002 0.001 0.030  9.81 0.67 0.39  0.003 
% Precipitation  94.3 5.4  7.0 99.0 50.0 96.5 0  0  9.2  50.0 
 
As observed, more than 90% of iron, chromium and aluminium were efficiently 
precipitated. Small amounts of nickel and cobalt were also temporarily lost through co-
precipitation. It is apparent that a pH of 4.3 is high enough to remove most of these 
metals from the pulp solution. However, it is preferred to increase the pH to about 4.7- 
4.8 as this will help to keep the pH of the pulp in the RIP extraction tanks relatively 
high for selective loading of nickel and cobalt onto the resin as previously discussed. A 
higher pH should be avoided as this will precipitate additional valuable nickel and 
cobalt from the pulp.   
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4.3  Selection of the Chelating Resin 
A comparative study based on the equilibria and kinetics of adsorption and elution of 
nickel from a laterite leach pulp was carried out using selected commercial ion 
exchange resins having iminodiacetate functional groups. Four types of commercial 
iminodiacetic chelating resins were tested: 
1.  Amberlite IRC 748 (Rohm and Hass Company, USA) 
2.  Lewatit TP 207 (Bayer, Germany) 
3.   TP 208 (Bayer, Germany) 
4.  Purolite S 930 (Purolite, UK) 
The important physical and chemical properties of these resins are presented in Table 
4.6.  
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Table 4.6  Physical and chemical properties of the resins studied 
Description  IRC 748  TP 207  TP 208  S 930 
(a) General description      
(1) Source 
Rohm and 
Haas, USA 
Bayer, 
Germany 
Bayer, 
Germany 
Purolite,  
UK 
(2) Ionic form as shipped  Sodium  Sodium  Sodium  Sodium 
(3) Functional group 
Iminodiacetic 
acid 
Iminodiacetic 
acid 
Iminodiacetic 
acid 
Iminodiacetic 
acid 
(4) Matrix  Styrene DVB  Styrene DVB   Styrene DVB   Styrene DVB 
(5)  Structure  Macroporous Macroporous Macroporous Macroporous 
(b) Physical and  
     chemical properties    
  
(1) Bead size  0.3-1.1mm  0.4-1.25mm  0.4-25mm  14-52mm 
(2) Bulk density (g/l)  685-760  800  800  710-745 
(3) Total capacity (eq/l)  1.25  2.4  2.7  1.1 
(4) Operating pH range  1.5-14  0-14  0-14  2-6 
      
(c) Size distribution  % Cumulative        
+ 1 mm  -  0.05  0.1  0.08 
+ 710 μm  0.86  32.33 27.13 31.7 
+ 600 μm  15.5 59.65  54.5 62 
+ 500 μm 44.8       
+ 300 μm 88.1       
 
 
4.3.1  Metal Loading Behaviour 
As explained in Chapter 3, all the resins were supplied in the protonated form. It has 
been suggested that pre-conditioning with strong base will increase both the equilibrium 
loading and the kinetics of adsorption of nickel onto the resins. Thus it has been claimed 
that the ammonium form of the resin has about 10 times the number of exchange sites 
as the hydrogen form on a volume basis (Moore, 2000). For comparison, all four 
samples were converted to the ammonium form by regeneration with 3 M ammonia  
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solution and their performance is compare to the corresponding resin in the hydrogen 
form.  In each case, 1l of the pulp which was neutralised to pH 4.65 was contacted with 
15 ml of each resin. Thus for each type of resin, two tests were performed using resin 
samples which were in either the hydrogen or the ammonium form. 
It was expected that the metal concentration in solution would decrease with time as the 
loading on the resin takes place. This is however not the case for manganese, 
aluminium, iron and chromium when the resin used is in the hydrogen form as it was 
observed that there is a small increase in the concentration of these ions in solution with 
time. This observation, shown in the pulp solution analysis given in Table 4.7 is caused 
by the redissolution of the precipitated metals by the protons released during loading of 
the resin.   
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Table 4.7  Variation of the concentrations of metal ions in solution during  loading 
  pH  Time
(hr) 
Ni 
(mg/l) 
Co 
(mg/l)
Cu 
(mg/l)
Cr 
(mg/l)
Mn 
(mg/l) 
Al 
(mg/l)
Fe 
(mg/l) 
Feed 4.65  0  378  28.6  0.5  1.2  464  24.2  0.2 
Resin type            
IRC 748 (H
+)    1  238  22.8  0.3  4.6  438  88.4  2.4 
    2  188  20.4  0.3  5.4  424  99.4  1.2 
    3  166  19.8  0.5  6.2  438  109  0.8 
  4.21  4  145  18.6  0.3  6.8  439  112  1.2 
IRC 748 (NH4
+)    1 203  19.8  0.4 1.2 419 23 -0.2 
   2  180  19.4  0.3  1.6  430  26.3  0.2 
   3  147  17.4  0.5  1.4  419  27.6  -0.2 
 4.62  4  138  17.6  0.3  1.6  435  30.6  0.4 
TP 207 (H
+)    1  268  18.6  0.4  5.0  404  97.6  1.0 
    2  242  16.2  0.6  7.0  415  121  1.2 
    3  211  13.8  0.4  8.8  431  142  2.2 
  4.10  4  177  11.6  0.5  9.2  396  139  2.4 
TP 207 (NH4
+)   1 216  15.8  0.5 1.2 390 17 0.2 
    2 163  12.2  0.6 1.0 352 15 0.6 
    3 151  11.6  0.3 1.0 368 17 -0.2 
 4.60  4  136  10.4  0.4  1.2  375  18.8  -0.2 
TP 208 (H
+)    1  276  18.4  0.5  5.8  426  116  1.2 
    2  226  14.6  0.5  8.0  409  141  10.6 
    3  192  11.6  0.4  8.6  379  144  2.4 
  4.10  4  204  12.4  0.5  12.2  452  185  3.6 
TP 208 (NH4
+)   1 236  16.8  0.3 1.2 392 27 -0.2 
   2  204  14.6  0.3  1.4  379  27.4  0.2 
   3  173  12.2  0.4  1.4  370  28.6  -0.2 
 4.63  4  158  10.8  0.3  1.6  383  30.4  -0.2 
S 930 (H
+)    1  246  23.6  0.5  6.0  444  124  1.4 
    2  203  22.2  0.6  7.8  429  134  1.8 
    3  181  21  0.5  8.4  440  140  1.6 
  4.30  4  162  21  0.3  9.0  431  140  2.2 
S 930 (NH4
+)    1 222  20.4  0.3 1.2 420 25 0.8 
   2  189  19  0.3  1.2  417  25.2  -0.2 
    3 160  17.8  0.5 1.2 415 27 -0.2 
  4.72  4 145  17.4  0.3 1.4 418 29 0.2  
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The effect of the dissolution of these impurities however, is not a significant problem 
for the loading of nickel as the concentration of the iron and chromium is still very low 
whilst the manganese and aluminium are not strongly adsorbed by the resin. As a result 
of this, it is believed that 7-9% (from Table 4.5) of nickel and cobalt lost to the 
precipitate in the neutralisation stage is dissolved and recovered by the resin during 
loading when the resin is used in the protonated form.  
The use of the resin in the ammonium form has no effect on the pH and thus no 
redissolution of metal hydroxides are observed. Consequently, the nickel and cobalt lost 
during neutralisation is unable to be recovered in this case.  
 
4.3.2  Kinetics of Adsorption 
The process of adsorption can be considered as initially involving mass transport of 
nickel ions from the bulk solution to the surface of the ion exchange bead.  This is 
followed by diffusion of the adsorbed nickel into the bulk of the resin bead as shown 
below.  
s
k
s
s
K
s
r
k
r Ni Ni Ni Ni
Solution Surface
s r
] [ ] [ ] [ ] [
sin Re
← ↔ ←
 
The subscript s and r refer to the solution and resin phase respectively and the 
superscript s refers to concentrations at the surface of the resin bead. ks and kr are the 
mass transfer coefficients in the solution and resin phase respectively and K is the 
equilibrium constant for the adsorption reaction .  
It is assumed that the equilibrium between the nickel on the resin and that in the 
solution at the surface can be described by a simple linear isotherm  
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(4.3)                                                                                                            Ni K Ni
s
s
s
r ] [ ] [ =  
The rate of loading of nickel on the resin can then be expressed as 
[] [][] () (4.4)                                                                                             Ni - Ni
V
V
A k
dt
Ni d s
s s
s
r
s
s = −  
for the solution and, 
[] [][] ( ) (4.5)                                                                                                       Ni - Ni A k
dt
Ni d
r
s
r r
r =  
for the resin phase. 
Equating the rates of transfer for a closed system and substitution of Equation 4.3 yields  
[] [] [] ()
(4.6)                                                                                                 
K k k
Ni k Ni k
Ni
r s
s s r r s
s +
+
=  
Substituting Equation 4.6 into Equation 4.5 then gives 
[] [][] () (4.7)                                                                                       Ni - Ni K k
dt
Ni d
r s
r ' =  
where k’ = kskrA/(krK+ks) 
If the solution concentration [Ni]s is constant, the equation can be integrated to yield   
[] []
[] []
(4.8)                                                                                                 t k
Ni Ni K
Ni Ni K
r s
r s ' ln
0 , = ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
 
This equation can be further simplified as K[Ni]s=[Ni]r,e and [Ni]r,0 is the nickel loading 
on the resin at t = 0   
[]
[] []
(4.9)                                                                          t k
Ni Ni
Ni
r e r
e r ' ln
,
, = ⎟
⎟
⎠
⎞
⎜
⎜
⎝
⎛
−
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For a batch adsorption experiment with a volume Vr of resin and Vs of solution, 
Equation 4.7 can also be combined with the mass balance for nickel    
[] (4.10)                                                                                               Ni
V
V
- Ni Ni r
s
r
o s s , ] [ ] [ =  
to yield the following expression after integration 
  []
[]
(4.11)                                                                        t
Vs
V
K k
Ni B
Ni B r
r
r ⎟
⎠
⎞
⎜
⎝
⎛ + = ⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
−
−
1 ln
0 ,  
where  [ ]
()
    
V KV
Ni KV
B
s r
s s
+
=
0 , = [Ni]r,e 
i.e. the same form as equation 4.9 with k’ = k(K.Vr/Vs + 1) 
The plot of the left hand side (LHS) versus t in Equation 4.11 should yield a straight 
line with a slope of the rate constant k’. The data is shown in the following plots for 
nickel only as the other metal ions showed insignificant loading compared to nickel.  
The loading data for nickel onto resins in the proton and ammonia form fitted to the 
kinetic equation are shown in Figure 4.3 and 4.4 respectively. 
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Figure 4.3  Kinetics of  the loading of  nickel onto various  resins  in the 
protonated form 
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Figure 4.4  Kinetics of  the loading of  nickel loading onto various  resins in the 
ammonium form  
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The calculated rate constant for each of the resins is compared in Table 4.8. The amount 
of loading based on a mass balance for the three main metals adsorbed by the resins is 
also given in the same Table.  
Table 4.8  Pseudo-equilibrium loading and kinetic parameters 
 
Metal ion loading after 4 hours  
(g/l of resin) 
Rate constant for 
nickel loading, k’ 
(/h) 
Resin samples  Nickel   Cobalt  Manganese  
IRC 748 H
+ 12.9  0.1 1.4  0.90 
IRC 748 NH4
+  13.6  0.6  1.7  1.13 
TP 207 H
+ 12.4  1.0  4.2  0.75 
TP 207 NH4
+  13.7  1.1  5.5  1.00 
TP 208 H
+ 10.5  0.9  4.7  0.72 
TP 208 NH4
+  12.4  1.0  4.6  0.88 
S 930 H
+ 12.2  0.4  1.9  0.83 
S 930 NH4
+  13.1  0.6  2.6  0.91 
 
The results show that under the conditions of these tests, all the resin samples produced 
quite similar loadings of nickel. The equilibrium loading of nickel onto the resins in the 
ammonium form is not significantly greater than that measured in the hydrogen form. 
However, from the kinetic point of view, the calculated rate constants show that the 
resins in the ammonium form adsorb nickel at a higher rate than the resin in the 
hydrogen form with the IRC 748 resin having the greatest rate.  
None of the resins loaded measurable quantities of aluminium, iron, chromium or 
copper. Manganese however appeared to load more strongly on the TP 207 and TP 208 
resin samples. The IRC 748 resin in the ammonium form gave the best performance in 
terms of nickel loading and kinetics. The TP 208 resin appeared to show the lowest  
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adsorption (after 4 hours) and the poorest kinetics despite having the highest quoted 
capacity (Table 4.6) of all the resin samples.  
 
4.3.3  Elution  
The elution testwork was based only on the elution of nickel in the absence of other 
loaded metal ions. All of the resins initially in hydrogen form were loaded with nickel 
from a synthetic solution at pH 4. The resins were subsequently eluted in a column 
using 1 M sulphuric acid at a flowrate of 4 bed volumes (BV) per hour. The results are 
shown in Figures 4.5 and 4.6.  
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Figure 4.5  Kinetics of elution of nickel 
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Figure 4.6  Elution profile for nickel 
 
It is apparent from Figure 4.5 that the IRC 748 resin achieved the fastest elution rate 
whilst the performance of the other three resins was roughly the same but lower than 
that of IRC 748. The TP 208 resin which has the greatest nominal capacity revealed 
the poorest elution kinetics. This could be due to the fact that this resin also exhibited 
slower loading kinetics. The elution profiles show that 4 bed volumes are sufficient 
for the elution of the IRC 748 resin while in excess of 6 bed volumes of 1 M 
sulphuric acid is not sufficient to elute all the nickel from the loaded TP 207, TP 208 
and S 930 resins. 
Of the four commercial chelating resins tested, the IRC 748 resin appears to exhibit 
the best loading and elution kinetics despite a somewhat lower capacity. The superior 
kinetic properties make it more suitable for a RIP process in which the total 
residence time of the resin will be of the order of several hours. Under these  
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conditions, the kinetics of loading is of paramount importance. The ease and 
efficiency of elution of this resin with dilute acid also makes it more suitable for 
practical application as this will minimise resin inventory and reagent costs as well 
as the capital cost of the RIP plant.  
 
4.3.4  Preliminary Evaluation of Lewatit MonoPlus TP 207 Resin 
The Lewatit MonoPlus TP 207 resin is a new pre-commercial material produced as 
an improvement of the Lewatit TP 207 resin by Bayer Chemicals. This resin is 
produced in a continuous jet reactor which results in a monodispersed size 
distribution (average 500µm) compared to the conventional heterodisperse resin 
produced in a batch polymerisation process. This resin is therefore especially suited 
for use in a RIP process.  
Note that this resin only became available on completion of this thesis and was thus 
not evaluated during the initial selection of the resin.  
The rate of loading of nickel was carried out using the resin in the protonated form. 
15 ml of the wet resin was contacted with one litre of neutralised pulp for 4 hours. 
Samples of pulp taken every hour and eluate from the loaded resin were analysed for 
nickel. The rate of loading for nickel onto this resin was then fitted to the kinetic 
expression given in Equation 4.11. The resultant rate constant k and nickel loading 
capacity were compared to the heterodispersed TP 207 as well as the other resins 
tested as described above. Table 4.8 is shown again with additional data from the 
MonoPlus resin in Table 4.9.  
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Table 4.9  Pseudo-equilibrium loading and kinetic parameters of MonoPlus TP 
207 compared to the conventional heterodisperse resins  
 
Metal ion loading after 4 hours 
(g/l of resin) 
Rate constant for 
nickel loading, k’ 
(/h) 
Resin sample  Nickel   Cobalt  Manganese  
IRC 748 H
+ 12.9  0.1  1.4  0.90 
IRC 748 NH4
+  13.6  0.6  1.7  1.13 
TP 207 H
+ 12.4  1.0  4.2  0.75 
TP 207 NH4
+  13.7  1.1  5.5  1.00 
TP 208 H
+ 10.5  0.9  4.7  0.72 
TP 208 NH4
+  12.4  1.0  4.6  0.88 
S 930 H
+ 12.2  0.4  1.9  0.83 
S 930 NH4
+  13.1  0.6  2.6  0.91 
MonoPlus TP 207 H
+  16.2     1.21 
 
The results show that of all the resins evaluated, the MonoPlus resin exhibited the 
highest rate constant for adsorption and the highest nickel loading under identical 
conditions. The superior kinetics shown by this resin was also qualitatively noticed 
as a more rapid rate of elution with dilute sulphuric acid. It is clear that if the 
MonoPlus resin had been available at the time the initial screening testwork was 
undertaken, it would have been selected as the most appropriate product. The 
uniform size of the resin beads of about 500 µm is suitable for direct use without pre-
screening in a RIP process.  
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4.4  Characterisation of the Iminodiacetic Chelating Resin 
The most suitable resin, namely the IRC 748 chelating resin was subjected to a titration 
procedure in order to establish the various degrees of protonation and to calculate the 
effective capacity of the resin. The result of a titration of the resin in the hydrogen form 
with 1 M NaOH solution is shown in Figure 4.7.  
0
2
4
6
8
10
12
0 20 40 60 80 100 120 140
Volume of NaOH (ml)
S
o
l
u
t
i
o
n
 
p
H
 
Figure 4.7  Titration curve of the IRC 748 resin ( 87 ml in acid form) with 1.103 
M sodium hydroxide solution at 25
oC 
 
The titration curved showed that there appear to be three equivalent points at pH values 
of 4.6, 8 and 10.56. These 3 points (P1, P2 and P3) can be clearly observed from the 
derivative plot of the curve as shown in Figure 4.8 (a) and Figure 4.8 (b).  
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Figure 4.8  Derivative plot of Figure 4.7(a) 
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Figure 4.8  Derivative plot of Figure 4.7 (b) 
The first proton appears to be neutralised at the weak maximum P 1 at a pH of about 
6.32 whilst the second proton is reacted at pH ~ 8. Although the protonation is in 
agreement with the results obtained by other researchers who investigated the  
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protonation of iminodiacetic type chelating resins (Diaz and Mijangos, 1987; Heitner-
Wirguin and Ben-Zwi, 1970; Szabadka and Inczedy, 1980), the first protonation 
occurred at a higher pH of 6.32 which is higher than the published value of pH 3.99.  
A value of 1.173 eq/l was found at the second equivalent point which is the effective 
capacity in terms of the acetate chelating groups contained in this resin. This value is 
about 94% of the value quoted by manufacturer which is 1.25 eq/l. The amine proton 
was found to be protonated at a higher pH value of about 10.56.   
The back-titration of the sodium form of the resin with 1 M sulphuric acid was also 
attempted in order to confirm the result of the base titration. Unfortunately, the slow 
kinetics of exchange forced an early termination of this titration.  
 
4.5  Equilibrium Adsorption Isotherm 
An understanding of the equilibrium adsorption properties of a resin for the important 
adsorbing metal ions is an essential requirement in the overall design and operation of 
an adsorption process. An analysis of equilibrium data by the use of isotherm models 
will identify the most appropriate model with which predictions of the resin loading at a 
given solution concentration of a metal ion can be made. The simultaneous adsorption 
of several metal ions can then be described by an extension of a simple single-
component model to one involving multi-component adsorption.  
In order to gain this understanding, the equilibrium adsorption isotherms for four of the 
important metal ions, namely, nickel, cobalt, manganese and magnesium present in 
laterite leach solutions onto the chelating resin IRC 748 were determined. The  
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equilibrium data obtained were then analysed using the two of the most frequently used 
models for such system. 
The Langmuir and Freundlich isotherms were described in Section 2.2.6 and the 
functional forms are  
Langmuir isotherm, 
() 4.12                                                                                                   
KC
C KR
R
e
e
e +
=
1
max  
Freundlich isotherm, 
() ( ) 4.13                                                                                                                    b C a R e e =  
where Ce is the equilibrium concentration of the metal ion in solution (mol/l), Re is the 
amount of metal ion adsorbed on the resin (mol/l of resin), Rmax is the maximum 
equilibrium loading on the resin (mol/l of resin), K is an adsorption equilibrium constant 
(l/mol) and a and b are the constants for the Freundlich isotherm.  
An alternative approach to the development of an adsorption isotherm is by expressing 
the equilibrium involved in the adsorption reaction on the resin. By assuming at this 
stage that the number of protons exchanged by one metal ion adsorbed is not specified, 
one can write a general reaction for the uptake of divalent metals by an iminodiacetic 
resin as   
() 4.14                                                                                       yH R MH nRH M n y nx x
+
−
+ + ⇔ + ) (
2   
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where initially, n = 1, x = 2 and y = 1or 2 are assumed, M is a divalent metal ion (mol/l), 
r nRH  is the concentration of unused or free resin sites (mol/l) and  n y nx R MH ) ( −  is the 
metal concentration on the resin (mol/l).  
An equilibrium constant can be written for this general adsorption equation as 
() 4.15                                                                                                   
RH M
H R MH
K
n
x
y
n y nx
] ][ [
] ][ [
2
) (
0 +
+
− =  
As the pH is maintained constant, the above equation can be simplified to produced a 
second constant K  
() 4.16                                                                                               K
RH M
R MH
H
K
n
x
n y nx
y = =
+
−
+ ] ][ [
] [
] [
2
) ( 0  
Introducing the maximum concentration of functional group on the resin as ] [ max R , it is 
clear that 
() () 4.17                                                                     R MH R M K                     
RH M K R MH
n y nx
n
x n y nx
] [ ] [ ] [
] ][ [ ] [
) ( max
2
2
) (
−
+
+
−
− =
=
 
which can be rearranged to give 
() 4.18                                                                                    
M K
M R K
R MH n y nx ] [ 1
] ][ [
] [
2
2
max
) ( +
+
− +
=  
This equation has the same form as the Langmuir isotherm in Equation 4.12. Thus the 
Langmuir isotherm corresponds to the equilibrium involved in the adsorption of metal 
ions on this type of resin.  
Two limits can then be considered depending on the concentration of metal ions.  
  123
For ] [
2+ M K  << 1, 
() 4.19                                                                                      M R K R MH n y nx ] ][ [ ] [
2
max ) (
+
− =  
Thus, the extent of loading of metal on the resin is linearly related to the equilibrium 
concentration in solution. This condition is satisfied if the resin has a low affinity for the 
metal (low K) and/or the metal concentration in solution is low.  
The second limit arises if  ] [
2+ M K  >> 1,   
() 4.20                                                                                                                 R R MH n y nx ] [ ] [ max ) ( = −  
This corresponds to a fully loaded resin which results from a large K (high affinity for 
the metal) or high metal ion concentrations in solution. In this case, increasing the 
solution concentration will not produce further loading of metal onto the resin. 
The determination of the equilibrium isotherm for the four desired metals on the 
resin were carried out using the pH stat as explained in the Chapter 4.3.1. Equal 
volumes of each metal solution were repeatedly equilibrated with different volumes 
of wet resin. The pH was maintained by the sodium hydroxide addition. After the 
resin reached equilibrium with the solution (take about 4 hours), it was separated 
from the solution, washed and stripped of the loaded metal ion. Both the equilibrium 
solution and the stripped solution were sampled and analysed. 
The applicability of both isotherms were then analysed using the data obtained from the 
experiment and their constants are given in Table 4.10. In this study, the value of the 
equilibrium parameters of both the isotherms were obtained using the ‘Solver’ routine 
which is available as part of Microsoft Excel. Plots of the observed isotherms of each 
metal ion at the respective pH are compared with the calculated Langmuir and  
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Freundlich isotherms in Figures 4.9 to 4.18. In all cases, the Langmuir isotherm shows 
an excellent fit to the experimental data while the Freundlich isotherm failed to predict 
the data at higher loadings. 
Table 4.10  Comparison of the adsorption constants obtained for the Langmuir 
and Freundlich adsorption isotherms at different pH values
a 
   Langmuir constants  Freundlich constants 
K (mol/l)  Metal  pH  Observed 
Re  
(mol/l) 
Rmax 
(mol/l) 
  
a  b 
Nickel  3 0.498  0.585 285  1.64  0.31 
   4 0.586  0.585 8635 1.23  0.17 
   5 0.622  0.610  58599  1.07  0.11 
Cobalt  3 0.331  0.585  37  1.64  0.49 
   4 0.520  0.585 1292 1.10  0.19 
   5 0.594  0.585  25531  1.17  0.14 
Magnesium  3 0.101  0.585  3  0.57  0.68 
   4 0.255  0.585  12  0.77  0.41 
   5 0.395  0.585  30  1.14  0.40 
Manganese  3 0.095  0.585  6  0.70  0.60 
 
a Temperature 25
o C, initial solution concentration 2.5 g/l, stirring rate 200 rpm 
The value of the equilibrium constant K (l/mol), which reflects quantitatively the 
affinity between the resin and metal ion matches the expected order of selectivity of this 
resin which is nickel > cobalt > manganese > magnesium.   
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Figure 4.9  Isotherms of nickel adsorbed onto resin at pH 3 
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Figure 4.10  Isotherms of nickel adsorbed onto resin at pH 4  
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Figure 4.11  Isotherms of nickel adsorbed onto resin at pH 5 
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Figure 4.12  Isotherms of cobalt adsorbed onto resin at pH 3  
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Figure 4.13  Isotherms of cobalt adsorbed onto resin at pH 4 
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Figure 4.14  Isotherms of cobalt adsorbed onto resin at pH 5  
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Figure 4.15  Isotherms of magnesium adsorbed onto resin at pH 3 
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Figure 4.16  Isotherms of magnesium adsorbed onto resin at pH 4 
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Figure 4.17  Isotherms of magnesium adsorbed onto resin at pH 5 
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Figure 4.18  Isotherms of manganese adsorbed onto resin at pH 3 
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An alternative method of analysing selectivity data was suggested by Hall (Hall et al., 
1966) in terms of which the essential features of the Langmuir isotherm can be 
expressed in terms of a dimensionless separation factor or equilibrium parameter KR, 
which is defined by  
() 4.21                                                                                                                      
KC
K R
0 1
1
+
=  
where C0 is the initial solution concentration (mol/l) and K is the Langmuir constant 
(l/mol). The value of KR can then be used to describe the isotherm by the following  
Value of KR  Type of isotherm 
KR > 1  Unfavourable  
KR = 1  Linear  
0 < KR < 1  Favourable  
KR → 0  Irreversible  
 
The result of such an analysis is shown as a plot of the KR values versus pH in Figure 
4.19. As expected from the shape of the isotherms, the values of KR reflect the 
favourable equilibrium in all cases, especially at the higher pH values. The isotherms 
for the adsorption of magnesium and manganese ions are almost linear at pH 3 and 
favourable at pH 4 and 5. This classification also clearly shows that the order of 
selectivity is nickel > cobalt > manganese > magnesium as suggested previously.  
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Figure 4.19  Variation of KR with  pH  
The derivation of the equilibrium constant for the adsorption of metal ions in Equation 
4.16 can be simplified to the following equation 
() 4.22                                                                                                                       K
H
K
y =
+] [
0  
from which, 
() 4.23                                                                                                                      H K. K
y ] [ 0
+ =  
Thus, if y = 2, i.e. two protons are exchanged for each divalent metal ion adsorbed, K 
should increase by a factor of ten for each unit increase of the pH in order to produce a 
constant value for K0 .The values of the K0 calculated for y = 2 and y = 1 are given in 
Table 4.11. 
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Table 4.11  Calculated values of the thermodynamic constant K0  assuming either 2 or 1 
protons  exchanged/metal ion 
Species  pH  [H
+] 
(mol/l) 
K 
(l/mol) 
 K0 = K.[H
+]
2 
(mol/l) x 10
-6 
K0 = K.[H
+] 
Nickel   3  0.001  284.91  284.91  0.28 
 4  0.0001  8635.26  86.35  0.86 
 5  0.00001  58598.73  5.86  0.59 
Cobalt 3  0.001  36.76  36.76  0.04 
 4  0.0001  1292.10  12.92  0.14 
 5  0.00001  25531.37  2.55  0.26 
Magnesium   3  0.001  2.74  2.74  0.0027 
 4  0.0001  12.20  0.12 0.0012 
 5  0.00001  29.96 0.003 0.0003 
 
The results show that K0 varies with pH in both cases (either 1 or 2 protons involved) 
and that the general adsorption equation involving only the exchange between protons 
and the metal ions as written in Equation 4.14 cannot be the only reaction that takes 
place during the adsorption process. This is discussed further in Section 4.5.1.  
Taking logs of both sides of Equation 4.22 yields the following equation which can be 
used to obtain a nominal value for the number of protons involved for each metal ion at 
a particular pH.  
() 4.23                                                                                                 K   Log   y.pH   K   Log 0 + =  
The results in Figure 4.20 show that for each metal ion the nominal number of protons, 
y, decreases with increasing pH with the slope approaching the theoretical maximum 
value of 2 at low pH values for nickel and cobalt. A possible explanation for these 
observations can be obtained by an analysis of the information obtained from the 
titration results given in the previous section and compared to the typical titration of the 
resin by the other researchers.   
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Figure 4.20  Plot of Log K as a function of pH 
It is possible that the time allowed for the equilibration at pH values below about 6 was 
not sufficient. This resulted in higher apparent equilibrium pH values for these points. 
Typical behaviour for a polyfunctional weak cationic ion exchange resin with respect to 
the iminodiacetic species present at different pH values is given in Figure 4.21.  
 
 
 
 
Figure 4.21  Protonations of the iminodiacetic species (Heitner-Wirguin and Ben-Zwi, 
1970)    
From the figure, it is apparent that the resin is fully protonated at pH value below 2.21. 
On the other hand, the resin in this study has been washed with water to pH about 3.3. 
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As the pH increases the first proton is neutralised by pH 3.99. Thus, at pH values 
between 2.21 and 4 the resin is composed of functional groups RHH and RH. This 
explains the average slope of 1.5 in this pH range as shown in Fig.4.20. The 
neutralization of the second proton then commences at pH above 3.99 and that it is 
completely neutralised by pH 7.41. In this pH range the resin is expected to behave as a 
mixture of the RH and R forms. This is consistent with the observed slope of about 1 
between pH 4 and 5. However, for some unknown reason, this explanation cannot be 
applied to the data for loading of magnesium.  
Another observation made was that the total of the amount of 1 M NaOH added should 
correlate to the nickel loading at equilibrium. It is expected that the amount of sodium 
hydroxide added would be identical with the amount of nickel loading. This is, 
however, not the case. It was observed that the equilibrium sodium hydroxide added 
corresponds to a higher nickel loading than was obtained especially at higher pH values 
and at lower metal loading. The actual sodium hydroxide added compared to the 
calculated value which is based on the metal loaded are shown in Figures 4.22 to Figure 
4.24 for nickel, cobalt and magnesium respectively.   
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Figure 4.22  Actual and calculated NaOH added for nickel loading 
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Figure 4.23  Actual and calculated NaOH added for cobalt loading  
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Figure 4.24  Actual and calculated NaOH added for magnesium loading 
It is expected that at higher pH values and lower metal loading, sodium was also 
loading onto the resin and this resulted in higher additions of sodium hydroxide to 
neutralise the extra protons released into the solution. This is discussed further in the 
following section.  
 
4.5.1  Equilibria Involving Metal Ions and Sodium Ions with the 
Resin 
As explained in Section 3.4, the equilibrium studies were carried at a constant pH by the 
addition of 1 M sodium hydroxide. The effect of the increasing sodium ion 
concentration on the equilibrium between the metal ions and the resin has been ignored. 
The variation of the K0 values with pH (calculated using the observed K values) clearly  
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shows that the effect of the sodium added to the system cannot be ignored in carrying 
out the modelling of the equilibria involved.   
Thus, allowing for the introduction of sodium ions to the system, there are two reactions 
that could be envisaged as given in Equations 4.24 and 4.25. 
1. Replacement of protons by divalent metal ions 
(4.24)                                                                                    H RM M RH
K + + + ⎯→ ← + 2
1 2
2  
2. Replacement of protons by sodium ions 
(4.25)                                                                                    H RHNa Na RH
Na K + + + ⎯ ⎯→ ← + 2  
The equilibrium constant for each reaction can be expressed as follows,  
(4.26)                                                                                                         
M RH
H RM
K
] ][ [
] ][ [
2
2
2
1 +
+
=  
(4.27)                                                                                                         
Na RH
H RHNa
KNa ] ][ [
] ][ [
2
+
+
=  
 
On the other hand, the total concentration of replaceable groups in the resin must be 
equal to the resin capacity, Qr, and  
Resin Capacity = Resin in protonated form + Resin loaded with sodium + Resin loaded 
with metal 
(4.28)                                                                                      RM RHNa RH Qr ] [ ] [ ] [ ] [ 2 + + =  
Substitution of the equilibrium relationships gives   
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(4.29)                                                   
H
M RH
K
H
Na RH
K RH Q Na r 2
2
2
1
2
2 ] [
] ][ [
.
] [
] ][ [
. ] [ ] [
+
+
+
+
+ + =  
which can be rearranged to give the amount of free resin in the protonated form (RH2) 
(4.30)                                                          
H
M
K
H
Na
K
Q
RH
Na
r
2
2
1
2
] [
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+
+ +
=  
A mole balance of sodium in the system can be summarized as 
Total sodium = Sodium on the resin + Free Sodium in solution 
(4.31)                                                                                        Na RHNa NaT ] [ ] [ ] [
+ + =  
From the Equation 4.26, the metal on the resin (RM) 
(4.32)                                                                                                        
H
M RH K
RM
2
2
2 1
] [
] ][ .[
] [
+
+
=  
Substitution of the free resin and free sodium concentrations from Equation 4.30 and 
4.31 into Equation 4.32 gives  
(4.33)                                
H
M
K
H
RHNa Na
K
Q
H
M
K RM
T
Na
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2
2
1
2
2
1
] [
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=  
The sodium loaded on the resin (RHNa) can be further derived by substitution and 
rearrangement of Equation 4.31 into Equation 4.27 to yield   
(4.34)                                                                         
RH K H
Na RH K
RHNa
Na
T Na
] .[
] ][ .[
] [
2
2
+
= +   
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Substitution of this equation into Equation 4.33 and rearrangement gives the following 
expression for the loaded metal on the resin 
(4.35)        
H
M
K
H RM K H M K
Na M K
K
Q
H
M
K RM
Na
T
Na
r
2
2
1 2 2
1
2
1
2
2
1
] [
] [
.
] ][ .[ ] ][ .[
] ][ .[
. 1
] [
.
] [
] [
. ] [
+
+
+ + +
+ +
+
+
+
+
=  
This equation involves concentrations values which can be obtained experimentally 
from the loading experiments. The Excel Solver routine was used to solve this equation 
to yield values of K1 and KNa using the combined data obtained at the three pH values 
studied for each metal ion. The observed loading compared to that calculated from 
Equation 4.35 is given in Figures 4.25 to 4.27 and the values of the respective 
equilibrium constants are given in Table 4.12. 
Table 4.12  Equilibrium constants  in the M
2+/H
+/Na
+ equilibrium system 
Species  K1 
(mol/l) x 10
-5 
KNa 
Nickel 21  0.20 
Cobalt   3  0.17 
Magnesium 0.02  0.17 
Average   0.18 
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Figure 4.25  Observed and calculated nickel loading  
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Figure 4.26  Observed and calculated cobalt loading  
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Figure 4.27  Observed and calculated magnesium loading 
In this equilibrium system, the value of the constant KNa cannot be directly compared to 
the K1 value as these constants do not refer to equilibria having the same stoichiometry 
i.e. the  M
2+ exchange involves two protons whilst the Na
+ exchange only involves one 
proton.  
The agreement between the calculated and observed loadings shown in Figures 4.25 and 
4.26 for nickel and cobalt suggest that the above model (Equation 4.35) is able to 
describe the equilibrium with reasonable accuracy, enabling quantification of the effect 
of pH on the metal ion /sodium ion complexation equilibria. The relatively constant 
value for KNa also serves to support this interpretation. 
However, in the case of magnesium this model presents significant differences between 
observed and calculated loadings. This deviation can be attributed to the fact that the 
affinity of the resin for magnesium is significantly less than for the other metal ions  
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which results in a very low value of K1. The value of KNa shown in Table 4.11 is 
nevertheless very close to that obtained from the data for the other metal ions.  
Using the value of the K1 and KNa obtained in the Table 4.12, the sodium loaded on the 
resin (RHNa) was then calculated using the Equation 4.33. The effects of the pH and the 
metal loading on the sodium loading are shown in Figure 4.28 to 4.30.  
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Figure 4.28  Sodium loading accompanying the loading of nickel  
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Figure 4.29  Sodium loading accompanying the loading of cobalt. 
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Figure 4.30  Sodium loading accompanying the loading of magnesium   
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It is obvious that the sodium loading increases with increasing pH as more sodium 
hydroxide is added to neutralize the displaced protons. It is also observed that the 
sodium loading is reduced as expected as the resin reaches maximum loading for nickel 
and cobalt i.e. the sodium is “squeezed out” of the resin. 
 
4.5.2  Equilibria Involving Two Metal Ions and Sodium Ions with 
the Resin 
A limited set of runs involving the loading of nickel in the presence of cobalt and the 
loading of nickel in the presence of magnesium at pH 4 were carried out in a similar 
manner as described above in that the pH was maintained constant during adsorption by 
the addition of sodium hydroxide using a pH-stat. The results for two such tests are 
shown in Figures 4.31 and 4.32.  
0
5
10
15
20
25
30
35
40
012345
Time (hr)
N
i
 
o
n
 
t
h
e
 
r
e
s
i
n
 
(
g
/
l
0
0.5
1
1.5
2
2.5
C
o
 
o
n
 
t
h
e
 
r
e
s
i
n
 
(
g
/
l
Ni loading
Co loading
 
Figure 4.31  Nickel loading on the resin in the presence of cobalt ([Ni]=8.69 g/l and 
[Co]=0.88 g/l)   
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Figure 4.32  Nickel loading on the resin in the presence of magnesium ([Ni]=3 g/l and 
[Mg]=11 g/l) 
 
The loading after 4 hours can be used as pseudo-equilibrium values and can be 
quantitatively interpreted by an extension of the simple adsorption model as follows. In 
the case of two divalent metal ions and sodium ions, the three reactions that contribute 
to the loading of the resin are given in Equations 4.36 to 4.48. 
1. Replacement of protons by divalent metal ion 1 
(4.36)                                                                                    H RM M RH
K + + + ⎯→ ← + 2 1
2
1 2
1  
2. Replacement of protons by divalent metal ion 2. 
(4.37)                                                                                    H RM M RH
K + + + ⎯→ ← + 2 2
2
2 2
2  
3. Replacement of protons by sodium ions  
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(4.38)                                                                                    H RHNa Na RH
Na K + + + ⎯ ⎯→ ← + 2  
The equilibrium constant for each reaction can be expressed as follows,  
(4.39)                                                                                                         
M RH
H RM
K
] ][ [
] ][ [
2
1 2
2
1
1 +
+
=  
(4.40)                                                                                                         
M RH
H RM
K
] ][ [
] ][ [
2
2 2
2
2
2 +
+
=  
(4.41)                                                                                                         
Na RH
H RHNa
KNa ] ][ [
] ][ [
2
+
+
=  
Thus, the total concentration of replaceable groups in the resin can be written as 
Resin capacity = Resin in protonated form + Resin loaded with sodium + Resin loaded 
with metal 1 + Resin loaded with metal 2 
(4.42)                                                                      RM RM RHNa RH Qr ] [ ] [ ] [ ] [ ] [ 2 1 2 + + + =  
Substitution of the equilibrium relationships and rearrangement gives the amount of free 
resin in the protonated form  
(4.43)                                   
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Again, a mole balance of sodium in the system is given as  
Total sodium = Sodium on the resin + Free Sodium in solution 
(4.44)                                                                                        Na RHNa NaT ] [ ] [ ] [
+ + =   
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Substitution of the free resin and free sodium concentrations from Equation 4.43 and 
4.44 into Equation 4.39 and rearrangement gives the loading of metal 1 onto the resin 
(4.45)          
H
M
K
H
M
K
H
RHNa Na
K
Q
H
M
K RM
T
Na
r
2
2
2
2 2
2
1
1
2
2
1
1 1
] [
] [
.
] [
] [
.
] [
] [ ] [
. 1
] [
.
] [
] [
. ] [
+
+
+
+
+
+
+
+ +
−
+
=  
Sodium loaded on the resin is given as  
(4.46)                                                                     
RH K H
Na RH K
RHNa
Na
T Na
] .[
] ][ .[
] [
2
2
+
= +  
Substitution of this equation into Equation 4.45 and rearrangement gives the following 
expression for the concentration of metal 1 on the resin 
(4.47)   
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Derivation in the same manner also yields the concentration of metal 2 on the resin as 
(4.48)   
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In the case of the above experiments, metal 1 [M1] is nickel while metal 2 [M2] is either 
cobalt or magnesium. The equilibrium constants for each metal ions obtained from the 
equilibria with single metal ions given in the Table 4.12 were then used in  equations 
4.47 and 4.48 above and the calculated loadings of nickel and second metal are 
compared with the experimental values in Table 4.13. 
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Table 4.13  Observed and calculated metal ions loading  in the 
+ + + + Na H M M / / /
2
2
2
1  
equilibrium system 
System  Metal ions  Observed loading 
(g/l) 
Calculated loading 
(g/l) 
Ni
2+/Co
2+/H
+/Na
+  Ni 36.02  33.66 
 Co  2.27  0.59 
     
Ni
2+/Mg
2+/H
+/Na
+ Ni  29.58  32.56 
 Mg  11.6  0.53 
 
The analysis of this data shows that for both of the systems, the single equilibrium 
constant can describe the nickel loading quite well in the presence of either cobalt or 
manganese. However, use of the values for the single metal ions underestimates the 
loading of the second metal ion. Although the agreement between the observed and 
calculated loadings for cobalt and manganese may appear to be unsatisfactory, it should 
be emphasized that because the selectivity of the resin is significantly less for these 
metal ions, than for nickel, the actual loading of cobalt and manganese in the presence 
of nickel is so low that it was outside the range that was used to determine the 
equilibrium constants for the adsorption of these metal ions.  
 
4.6  Further Laboratory Pulp Testwork 
4.6.1  Equilibrium Adsorption Isotherm of Nickel from CCD Pulp 
The determination of the equilibrium isotherm of nickel in the CCD pulp was carried 
using the IRC 748 resin previously identified as being the most suitable. The test was 
conducted using a batch equilibration technique without control of the pH. A series of 
fixed volumes of pulp were contacted with various wet volumes of resin. The initial pH  
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was about 4.68 and it decreased to pH 4 after 4 hours of loading. After the resin reached 
equilibrium (about 4 hours), it was separated from the pulp, washed and stripped with 
acid. Both the equilibrium solution phase and the eluate solution were analysed for 
nickel.  
Figure 4.33 summarizes the results of this testwork and also shows the curves obtained 
by fitting the data to the Langmuir and Freundlich isotherms which were described in 
Section 4.5. The fitted parameters for these isotherms are given in Table 4.14 and 
compared to the constants obtained from the solution equilibrium testwork. 
The observed isotherm shows that in a competitive environment such as that of a real 
pulp, the resin only achieved a maximum loading of 0.271mol nickel (15.91g) per litre 
of wet-settled resin.  
Generally, both of the models appear to describe the loading isotherm of nickel under 
these particular conditions although the Langmuir is seen to give a better fit to the 
observed values.   
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Figure 4.33  Loading isotherm of nickel in the pulp 
 
Table 4.14  Adsorption constants obtained from the Langmuir and Freundlich 
adsorption isotherm for nickel in the pulp as compared to the solution 
    Langmuir constants  Freundlich constants 
  Observed Re 
(mol/l) 
Rmax 
(mol/l) 
K  
(l/mol) 
a  b 
Pulp   0.271 0.361  772.83 2.05  0.40 
Solution   0.586 0.585  8635.26  1.23  0.17 
 
As observed both of the isotherms constants from the pulp were a lot lower than the 
solution. This is expected as the pulp contained impurities which depressed the nickel 
loading and thus lowered the value of the constants for nickel. 
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4.6.2  Loading in Several Stages 
The use of multiple stages for adsorption was assessed by conducting experiments using 
three stages in a batch co-current mode with a sample of pulp typical of a CCD tail. The 
first stage involved contact of resin with a batch of pulp at pH 4 for 4 hours. The resin 
was then separated from the pulp by screening and eluted with acid. Samples of the 
eluate and of solution from the pulp were taken for analysis of several metal ions. The 
remainder of the pulp was then used in a second stage loading with a fresh aliquot of 
resin. The same procedure was repeated for a third stage. The results of the test are 
given in Table 4.15. Detailed in the Appendix. 
Table 4.15  Co-current RIP extraction of metal ions from CCD pulp 
      Stage    Total 
Metal  Feed  1  2  3  recovery 
             (mg/l)  Metal in solution after stage (mg/l)  % 
Ni 800  500  180  100  87.4 
Co 54  54  48  2.6  71.1 
Mn 140  140  93  7.2  78.4 
Mg 3500  3810  2530  1980  1.1 
Fe 0.1  3  1.8  1.4  0 
Cu 3  1.1  4.8  0.7  0 
  Metal on the resin (g/l)   
Ni   21.5  19.1  13.2   
Co   1.2  0.4  2.2   
Mn   5.5  0.3  1.2   
Mg   0  1.1  4.9   
Fe   0  0.1  0.3   
Cu   0.1  0.1  0.2   
*Volume of resin: 13.6ml/Stage 1, 9.4 ml/Stage 2 and 3.8 ml/Stage 3; 
contact time is 4 hours for every stage. 
The result showed that the use of three stages of co-current adsorption using RIP, about 
87% of nickel and 71% of cobalt were successfully recovered. It is apparent from the  
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results that the loading of the other elements such as manganese, magnesium, copper 
and iron are relatively low and the total estimated loading of about 0.98 eq/l is close to 
the theoretical maximum loading of 1.25 eq/l. The difference may be accounted for by 
small contribution from other elements which were not analysed such as calcium and 
zinc.  
 
4.7  Simulation of an RIP Process 
The data obtained from the preliminary pulp testwork provided the equilibrium and 
kinetic parameters for the simulation of an RIP process using the SIMRIP software 
which was developed for carbon-in-pulp (CIP) processes and adapted for use in resin-
in-pulp. The equilibrium and kinetic models, which are used, have been shown to be 
widely applicable while still retaining the simplicity necessary for ease of use. Several 
features of SIMRIP are: 
•  Simulation of conventional multi-stage operation with continuous countercurrent 
movement of resin. 
•  Full steady-state simulation of adsorption of metal ions onto resin 
•  Flexible configuration with variable adsorption tank sizes 
•  Relatively simple but effective equilibrium (linear and modified Freundlich 
isotherms) and kinetic models. 
•  Only four (five for Freundlich isotherm) easily derived  parameters required for the 
model 
•  Allowance for decreasing resin activity with residence time 
•  Facility to assess effects of non-uniform resin distribution  
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•  Allowance for non-ideal mixing in tanks 
•  Compensation for backmixing of pulp transferred with the resin 
 
 
4.7.1  The Model 
The model used for the adsorption process in SIMRIP is based on the following 
simple description which involves mass transport within the aqueous phase to the 
surface of the resin particle where equilibrium is established between metal in the 
aqueous phase and that in the resin phase followed by diffusion of the adsorbed 
metal into the bulk of the resin particle.  
      Resin                  Surface                   Solution 
 
       [M]r              [M]r
s ⇔ [M]s
s               [M]s               
The subscripts s and r refer to the solution and resin phases and the superscript s refer to 
concentrations at the surface of the bead and the M is the metal of interest.  
This simple but effective model is based on the following assumptions: 
i)  All resin particles have the same size, shape, pore structure (resin phase mass 
transport coefficient, kr) and reactivity (equilibrium adsorption constant, K). 
ii)  Solution phase film diffusion can be characterized by a single mass transport 
coefficient; ks i.e. there are no electrostatic or other interactions. 
iii)  Diffusion of the adsorbed species within the pore structure can be characterized 
by a single mass transport coefficient, kr. 
kr  ks  K  
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iv)  Equilibrium at the surface can be described by a simple linear isotherm 
                       i.e. [M]r
s = K. [M]s
s 
This model has only two parameters, which need to be determined experimentally for a 
particular application, and is therefore easier to use and as effective as other more 
complex models. The Freundlich or Langmuir isotherms are commonly used to describe 
the equilibrium adsorption of metal onto resin. Because the metal concentration at the 
resin surface in an operating adsorption stage will be significantly less than the bulk 
value, the Freundlich constants (“a” and “b”) in the isotherm expression 
(4.49)                                                                                                               M a M
b
s r ) ] .([ ] [ =  
may not be appropriate to actual operating conditions.  
It is well known that the Freundlich isotherm over-estimates the loading if extrapolated 
to low concentrations (all isotherms approach linearity, b=1, at low concentrations). 
Simulations based on Freundlich isotherms therefore tend to under-estimate the resin 
concentrations required to achieve satisfactory performance in the crucial last few 
stages of a RIP plant. In the case of low concentrations, SIMRIP therefore the 
Freundlich isotherm (Equation 4.49), 
[M]r = a.([M]s)
b     
Thus, for “b” = 1.0, the isotherm reduces to a linear form with a = K 
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4.7.1.1  Multi-stage Counter-current Adsorption  
Consider an adsorption plant consisting of N contactors of the same size. It is assumed 
that the plant is operating at steady-state with the steady-state concentrations in the 
solution and on the resin as shown. The resin is assumed to flow continuously, counter-
current to the pulp as shown in Figure 4.34.  
 
 
 
 
Figure 4.34  Resin and pulp flow in countercurrent process 
An overall mass balance of metal across the plant operated under steady-state conditions 
requires that 
(4.50)                                                                            ) M M L M M L
N
r r r
N
s
o
s s
1 1 ] [ ] ([ ) ] [ ] ([
+ − = −  
where Ls is the solution flow-rate and Lr the resin flow-rate. 
In general, [M]s
N << [M]s
o and [M]r
N+1 << [M]r
1 so that  
(4.51)                                                                                                                   
M
M L
L N
r
o
s s
r 1 ] [
] [
+ =  
which specifies the rate at which resin must be moved to achieve a desired loading, 
[M]r
1, for a given solution feed rate, head and barren grade and expected metal loading 
on the resin to the plant.  
                
      
     
1  2 
          N 
[M]s
0                [M]s
1                  [M]s
2 
[M]s
N-1         [M]s
N 
[M]r
N        [M]r
N-1 
[M]r
1             [M]r
2                    [M]r
3
N+1  
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Thus, having defined Ls, [M]s
o, [M]r
1, [M]r
N+1 and Lr, and determined the kinetic 
parameters k and K, the only variable that is left that can be adjusted to achieve the 
desired barren value [M]s
N+1, is the mass of resin in each stage, Mr. This determines the 
mean residence time of resin per stage (tr = Mr/Lr ). 
SIMRIP uses an iterative technique to calculate Mr using the above kinetic model. This 
value can then be used to estimate various other parameters such as the metal 
concentration and the loading of metal on the resin in each stage, the resin inventory and 
the metal locked-up on the resin in the adsorption circuit. 
The extraction of metal/stage (E) in stage i is conveniently defined as 
(4.52)                                                                                            
M
M M
E i
s
s
i i
s
1
1
] [
) ] [ ] ( 100
−
− −
=  
and it can be shown that, for a linear isotherm, 
(4.53)                                                                                                       
V
Ls
kK
kK
E
r
⎟ ⎟
⎠
⎞
⎜ ⎜
⎝
⎛
+
=
100
 
The important consequences of this relationship are: 
i)  The predicted extraction is independent of the concentration of metal in the 
solution or on the resin i.e. it should be the same for all stages of a plant 
operated with the same mass of resin in each stage.  
ii)  A constant E implies an exponential decrease in the solution concentration 
down the adsorption train.  
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iii)  The extraction is not dependent on the concentration but on the mass of resin in 
a contactor.  
iv)  The extraction is not dependent on the size of the reactor. 
v)  The product kK (which can be obtained from a single batch adsorption test) 
appears in this relationship. 
Note that, for a constant extraction E per stage, the concentration in solution after N 
stages will be given by, 
(4.54)                                                                                   
E
M M
N
o
s
N
s ⎟
⎠
⎞
⎜
⎝
⎛ =
100
. ] [ ] [  
As indicated above, the size of the RIP reactors is not required by nor produced as an 
outcome of the model. In practice, the size has been determined largely by physical 
constraints on the ability to adequately screen the resin from the pulp in a continuous 
reactor. This will result in resin concentrations in the pulp of between 10 and perhaps 
100 g/l depending on the type of contactor used.  
SIMRIP also includes several additional features which enhance its capability as an 
advanced simulation tool: 
•  It corrects for the backmixing associated with the transfer of resin and pulp counter-
current to the forward flow of pulp. This flow of pulp is generally a fraction of the 
forward flow (less than 25% in RIP). This correction is made by including this flow 
in the mass balance across each stage. 
•  It permits simulations with variable extents of bypassing of pulp in each reactor as a 
result of non-ideal mixing conditions.  
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•  The activity of the resin generally decreases from the last to the first stage as a result 
of the presence of competitively absorbing species in the pulp. SIMRIP allows for 
this by assuming a linear decrease of 5% of regenerated resin activity (as reflected in 
the equilibrium constant K or the Freundlich constant “a”) per stage.  
•  The use of an adsorption rate equation that is linear in the terms involving the 
concentration of metal in solution and on the resin allows one to use the average 
loading of resin in each stage in the rate equation. This has been demonstrated for a 
CIP operation by Stange (Stange et al., 1990) who showed that the use of the 
average concentration is equivalent to that obtained by using the weighted sum of 
the distributed rates which arises from the fact that the resin in each stage has a 
distributed residence time and hence distributed loading.   
 
4.7.2  Adsorption Parameters 
In a batch test, a volume (Vr) of eluted or fresh resin is added to a stirred contactor 
containing metal-bearing pulp having a solution of volume (Vs), with an initial 
concentration of metal of [M]s,o. The concentration of metal in solution, [M]s is 
monitored as a function of time. 
From a mass balance and the rate equation based on the above model, the following 
integrated equation can be derived, 
(4.55)                                                                            t
V
KV
k
B M
B M
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where B = Vs [M]s,o / (KVr + Vs) and k = Akskr / ( ks + kr K)  and A is the superficial 
surface area/unit wet-settled volume of resin. For KVr >> Vs i.e. resin in excess of that 
required to absorb all of the metal, the above equation simplifies to the simple first-
order relationship, 
(4.56)                                                                                                      t
V
kKV
M
M
s
r
s
o s .
] [
] [
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The constant, kK, can be obtained from the slope of the logarithmic plot of the LHS 
versus time as shown in Figure 4.35. 
The equilibrium constant (K) can be obtained from the initial slope of the adsorption 
isotherm at low metal concentrations. This is obtained by contacting various quantities 
of resin with a fixed amount of leach pulp for a period of at least 24 hours and analyzing 
the residual dissolve metal at equilibrium. A plot of the metal on the resin versus that in 
the solution at equilibrium will have the form shown below (Figure 4.36). K is the initial 
slope of the adsorption isotherm as shown. 
 
                                                                      
 
 
 
 
 
 
                                                                         
 
 
Figure 4.35  Kinetic plot 
 
 
  ln([M]s,o/[M]s) 
Slope=kKVr/Vs 
t 
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Figure 4.36  Equilibrium plot 
Particularly in the case of low feed concentrations (<100g/t) care should be taken in 
using the kinetic parameter k obtained from small scale tests in the laboratory for the 
design and simulation of full scale plants unless information is available on the scale-up 
of agitation and its effect on the film diffusion mass transfer coefficient. 
Note: The adsorption kinetic parameter k used in the above model is not a simple mass 
transfer coefficient but is a function of the liquid and resin phase mass transfer 
coefficients, the equilibrium constant (K) and the superficial surface area/unit wet-
settled volume of resin (approximately 4/d where d is the bead diameter).  
It is considered appropriate to use a lower value for k if the testwork from which it was 
derived was carried out on a small scale. 
 
4.7.3  Information Required  for an RIP Plant 
In addition to the above kinetic and adsorption parameters, there are a number of the 
operating characteristics of a plant that are required for the SIMRIP input: 
•  The number of adsorption stages i.e. the stages in which resin is present.  
  [M]r 
[M]s 
Slope=K  
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•  The size of the adsorption contactors i.e. the active volume (m
3) in each of the 
adsorption tanks. 
•  The mean pulp flow-rate through the plant (m
3/h). 
•  The mean pulp specific gravity. 
•  The mean composition of the pulp in terms of %w/w solids. 
•  The head grade (g/t) of both the metal in the solid (ore) phase and the solution phase 
in the feed to the plant. The latter is often close to zero, depending on the recycle of 
solution within the plant. 
•  The desired concentration of metal in the barren solution from the plant.  
•  The desired concentration of metal on the loaded resin (g/l). This is one of the most 
important operating parameters because it determines the steady-state rate at which 
resin must be moved through the plant. The latter is generally fixed by the elution 
and re-activation capacity of the plant. 
•  The concentration of metal (g/l) on the resin which is returned to the last adsorption 
stage.     
 
4.7.4  SIMRIP Simulation for Nickel Recovery  
The equilibrium and kinetic batch testwork described in the previous section was used 
to derive the data to be used in the SIMRIP simulation of the mini-plant used in the 
testwork. Figure 4.33 in Section 4.6.1 yields the two parameters in the Freundlich 
isotherm,  
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(4.56)                                                                                 s Ni l g r Ni 4 . 0 ] 2 [ 05 . 2 ) / ( ] [ + =  
The parameter a then is converted to g/t in order to match with the SIMRIP 
requirement.  
1000 *
373 . 0
05 . 2
= a  where 0.373 is the resin density.  
Thus   
(4.57)                                                                                       Ni t g Ni s r
4 . 0 2 ] [ 5500 ) / ( ] [
+ =  
Similarly the kinetic data in the Table 4.8 in Section 4.3.2 can be used to derive the 
adsorption kinetic parameter k in Equation  4.55. For a first-order approach to 
equilibrium, the Equation 4.55 can be written in the following form 
(4.58)                                                                                                  t
V
kKV
M M
M M
s
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e s s
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where [M]s,e is the concentration of metal in solution at equilibrium. Thus the kKVr/Vs 
are the k’ in the Equation 4.9 which is equal to 0.9/hr for the IRC 748 resin used in the 
hydrogen form. It is also known that the resin volume (Vr) is 15 ml and the solution 
volume is 850 ml (1 l of pulp with pulp density of 1.234 and percent solids of 31%).  
The equilibrium constant (K) can be obtained from the initial slope of the adsorption at 
low metal concentrations which is equal to the value of 186.3 as shown in Figure 4.37.  
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Figure 4.37  Linear loading isotherm of nickel at low metal concentrations 
Substitution of these values into the equation results in a k value of 0.27/hr. This value 
was reduced to 0.2 in the SIMRIP simulation to allow for lower kinetics at a larger 
scale. Based on a target of 90% nickel recovery with 40g Ni/kg resin loading, the 
SIMRIP simulation was carried out and yield the results shown in Table 4.16 and Table 
4.17. Simulated pulp and resin concentration profiles are shown in Figure 4.38. 
 
 
 
 
 
 
Slope (K) = 186.3  
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Table 4.16  SIMRIP Simulation for miniplant design and operation 
Element    Value 
Number of adsorption stages    5 
Adsorption Tank 1 volume (l)    2 
Adsorption Tank 2 volume (l)    2 
Adsorption Tank 3 volume (l)    2 
Adsorption Tank 4 volume (l)    2 
Adsorption Tank 5 volume (l)    2 
Pulp feedrate (l/h)      3 
% Solids        35 
Pulp SG        1.36 
Solution head grade (g/t)    300 
Adsorption rate constant (/h)    0.2 
Loading equilibrium constant, 'a' (g/t)  5500 
Freundlich exponent, 'b'    0.4 
Metal on regenerated resin (g/t)    100 
Desired solution barren (g/t)    30 
Desired resin loading (g/t)    40000 
Resin flowrate (kg/h)    0.02 
Resin concentration (g/l)    30 
Resin inventory (kg)      300 
Backmixing of pulp (% feedrate)  20.4 
Bypassing of pulp (% feedrate)    0 
Overall % recovery      90 
 
Table 4.17  Predicted profiles 
Stage  Solution  Resin 
   (g/l)  (g/l of resin) 
Feed   0.300    
1 0.246  14.920 
2 0.194  12.543 
3 0.136  9.720 
4 0.077  6.518 
5 0.030  3.158  
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Figure 4.38  Simulated profiles for solution and resin at steady state 
 
4.8  RIP Miniplant Testwork 
Two experimental runs were conducted with two commercial resins under the same 
conditions and parameters to confirm the predicted loading performance and to establish 
the elution characteristics for each type of resin. On the basis of the SIMRIP simulation, 
both runs were designed for operation over 10 hours, with a residence time of slurry in 
each adsorption tank of 30 minutes and a resin concentration of 30 g/l of pulp in each 
stage. The targeted operating parameters are given in Table 4.18. 
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Table 4.18  Operating parameters for RIP miniplant 
Variable  Value 
Pulp flowrate (l/hr)  4  
Backmixing flowrate (l/hr)  0.6  
Resin flowrate (g/hr)  20  
Resin concentration (g/l)  30  
Initial resin load (g/stage)  60  
Fresh resin addition (g/30 minutes)  10  
 
 
4.8.1  Miniplant Run 1 
The first run was carried out using Amberlite IRC 748 resin. Table 4.19 shows the 
composition of the CCD tail pulp used as a feed for the run. 
Table 4.19  Analysis of the solution phase in the feed pulp for Run 1 
Metal concentration (g/l) 
Ni  Co  Cu  Fe  Mn  Mg  Ca 
0.355 0.03 0.001 0.27  0.6  9.7  0.56 
 
The solution profile was obtained by sampling and analysing the solution in each stage 
after 5 and 10 hours and the results shown in Figure 4.39. It is apparent that the desired 
nickel concentration in the barren pulp (0.03 g/l) had been achieved as predicted in five 
stages of the counter-current RIP circuit. It is also apparent that the nickel concentration 
in the barren pulp after 10 hours was somewhat higher than after 5 hours. On 
completion of the run (after 10 hours), the resin distribution in each stage given in Table 
4.20 showed that the resin had accumulated in the last three stages due to uneven 
pumping rates of the resin transfer pumps.   
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The average resin flowrate in these stages was found to be only 5.4 g/hr which is 27% 
of the desired flowrate. As a result, the resin concentration in Stages 1 and 2 was lower 
than desired and this resulted in less efficient adsorption of nickel in these stages. This 
was the main operational problem encountered during the run.  
Despite this, the nickel in the solution continued to be adsorbed by the more active resin 
in Stages 4 and Stage 5, thus reducing the nickel to the required concentration in the last 
stage. This phenomenon has been commonly observed in carbon-in-pulp plants and 
illustrates the robustness and partially self-corrective characteristics of multistage 
counter-current contactors.  
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Figure 4.39  Solution profiles after 5 and 10 hours of Run 1 
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Table 4.20  Resin distribution in each tank after 10 hours 
Stage  Resin concentration (ml) 
1 100 
2 155 
3 215 
4 332 
5 320 
 
A sample of the loaded resin was taken every 2 hours to establish the approach to steady 
state. The loading for each metal on the resin is given in term of eq/l in Table 4.21. The 
analysis showed that after 6 hours the resin had reached a loading of 0.46 eq Ni/l (13.5 g 
Ni/l). This value is close to the loading predicted by the RIP simulation, i.e. 0.51 eq/l 
(15g Ni/l). 
It is also observed that the maximum total loading of all metals of 0.64 eq/l is low, only 
about 50% of the theoretical resin capacity of 1.25 eq/l. The percentage of the valuable 
metal and impurities present in the table were based on the calculation of the average 
values.  
Table 4.21  Resin loading profiles for Run 1 
  Metals loading on the resin 
(eq/l) 
Total metals 
loading, T 
(eq/l) 
Time (hr)  Ni  Co  Mn  Mg  Fe  Cu  Ca   
2 0.28  0.01 0.04 0.20  0.03 0.00  0.03  0.59 
4 0.37  0.02 0.03 0.06  0.04 0.00  0.02  0.52 
6 0.46  0.02 0.03 0.06  0.04 0.00  0.02  0.62 
8 0.46  0.02 0.02 0.06  0.04 0.02  0.02  0.64 
10 0.46  0.01 0.02 0.03  0.04 0.00  0.01  0.59 
Average   0.41  0.02 0.03 0.08  0.04 0.01  0.02  0.59 
Valuable metal  
(Ni+Co)/T, % 
71.10          
Impurities 
(Mn+Mg+Fe+Cu+Ca)/T, % 
28.90           
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The nickel concentration profiles in the pulp and on the resin in each stage are 
compared with the values predicted from the SIMRIP simulation based on the batch 
adsorption data in Figure 4.40. It is reassuring to note that the solution and resin loading 
after 10 hours follow reasonably close to the profiles as predicted.  
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Figure 4.40  Observed and predicted solution and loading profiles at steady state 
 
The loaded resin which was removed from Stage 1 during the run was eluted in a 
column at a flowrate of 2 BV/hr using an eluant of 1M sulphuric acid. The results 
showed that 2 BV of eluant are sufficient to elute all of the metals loaded. The highest 
nickel concentration in the eluate was 15 g/l. Typical elution profiles for nickel and 
other metals are shown in Figure 4.41.  
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Figure 4.41  Elution profiles for Run 1 
 
The mass balance and accountability for nickel and the other metals was calculated 
from the various streams as shown in Fig 4.42.  
 
Metal IN stream
Metal OUT stream
Metal recovered
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Tail
 Backmixing
Loaded resin Eluate
Elution Columns
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Figure 4.42  Metal mass balance streams  
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Thus, the metal mass balance through out the process is  
M in Head = M in Tail + M in Backmixed pulp + M in Eluate 
Metal recovery based on pulp, % = 100(Head-Tail-Backmixing) / Head 
Metal recovery based on resin, % = 100(Total metal in Eluate) / Head 
Accountability, % = 100(Head-Tail-Backmixing) / (Total metal in Eluate) 
Note that the amount “M in backmixed pulp” correspond to the metal lost in 
transferring the loaded resin from the first stage.  
The recoveries and mass balance for the various metal ions during Run 1 are compared 
in Table 4.22.  
Table 4.22  Recoveries and  mass balances in Run 1 
  Ni  Co  Mn  Mg  Fe  Cu  Ca 
Head (H), (g)   10.65 0.90 18.01  291.10 8.10  0.03  16.81 
Tail (T), (g)  1.13 0.35  14.47  247.29  7.44  0.03 14.83 
Backmixing (M), (g)  0.32 0.09 1.64 32.76 0.07  0.00  6.55 
Elution (E), (g)  9.20 0.46 1.90 11.06 0.59 -0.01 -4.57 
Metal recovered 
through mass balance 
(A), (H-T-M)/H, (%)  86.40  51.40  10.57  3.80  7.25  -26.66  -27.20 
Metal recovered from 
elution (B),  
(E/H), (%)  85.97 50.25  4.72  0.52  17.24 164.60  3.18 
Accountability (B/A), 
(%)  99.50 97.75 44.70 13.77 237.97  -617.52  -11.69 
 
The high recoveries of nickel which is closed to the target value of 90% suggest that 
RIP can be used effectively to recover this metal from such pulp. More than 50% cobalt 
was also recovered together with small amounts of the other metal ions. The 
accountabilities for nickel and cobalt which were very high, 99.5 and 97.75% 
respectively have proved the efficiency of the elution process. The poor accountability  
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for some of the other metal ions can be attributed to the difficulties and errors associated 
with the assay of the low concentrations in the pulp.  
 
4.8.2  Miniplant Run 2 
It could be expected that a resin with the higher nominal loading capacity would give a 
higher nickel loading at a lower resin concentration and thus could reduce the overall 
capital and operating costs. A second run was therefore carried out using the Bayer resin 
Lewatit TP 207, which has twice the nominal loading capacity of the Amberlite IRC 
748 resin used in the previous run. The approach to steady state was monitored in the 
similar way to Run 1 by sampling the solution in each stage after 5 and 10 hours and the 
loaded resin was sampled every 2 hours. 
The operation of the second run was much improved in that the backmixing flowrate 
was kept relatively constant at a flowrate of 14.4 g/hr compared to only 5.4 g/hr in the 
first run. Despite this improvement in the operating procedure, the performance of this 
resin was less satisfactory than that used in the first run.  
The solution profile given in Figure 4.43 showed that the barren pulp leaving the last 
stage has a higher nickel concentration than that predicted by the SIMRIP simulation, 
which was based on the batch data for the IRC 748 resin used in the Run 1. The nickel 
concentration profiles in the pulp and on the resin in each stage are compared with the 
values predicted from the SIMRIP simulation based on the batch adsorption data in 
Figure 4.44. It is apparent that the difference between the two is significantly greater 
than observed for the IRC 748 resin.   
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Figure 4.43  Solution profiles after 5 and 10 hours of Run 2 
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Figure 4.44  Observed and predicted solution and loading profiles at steady state   
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The loading profiles for each metal on the resin in Table 4.23 showed that this resin 
only reached a maximum loading after 8 hours of run. The maximum loading of nickel, 
0.36 eq/l was quite low compared to the target value of 0.51 eq/l. The value of total 
metal loading showed that this resin used only 28% of its theoretical capacity, which is 
2.4 eq/l. The total metal loading was observed to be higher than obtained with the IRC 
resin but mainly this was due to a higher adsorption of impurity ions.  
Table 4.23  Resin loading profiles for Run 2 
  Metals loading on the resin 
(eq/l) 
Total metals 
loading, T 
(eq/l) 
Time (hr)  Ni  Co  Mn  Mg  Fe  Cu  Ca   
2 0.15  0.02  0.05  0.23  0.02 0.00  0.04  0.52 
4 0.21  0.02  0.05  0.22  0.03 0.00  0.06  0.59 
6 0.27  0.03  0.06  0.22  0.04 0.00  0.06  0.67 
8 0.34  0.03  0.06  0.26  0.04 0.01  0.05  0.80 
10 0.36  0.03  0.06  0.26  0.03 0.00  0.04  0.79 
Average   0.27  0.03  0.06  0.24  0.03 0.00  0.05  0.67 
Valuable metal  
(Ni+Co)/T, % 
42.05         
Impurities 
(Mn+Mg+Fe+Cu+Ca)/T, % 
57.95         
 
The loaded resin was eluted using the same conditions as in Run 1. Typical elution 
profile of this resin given in Figure 4.45 showed that at the same acid concentration and 
flowrate, it would require more than 6 bed volume of eluant to elute all of the adsorbed 
nickel. The maximum nickel concentration in the eluate of 6.5 g/l was low compared to 
15 g/l in Run 1.   
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Figure 4.45  Elution profiles in Run 2 
 
The recoveries and mass balances of the various metal ions are presented in Table 4.24. 
Three elutions were carried out during this run and a fourth elution was used to recover 
the metals from the partially loaded resin in each tank upon termination of the run.  
Table 4.24  Recoveries and mass balance in Run 2 
  Ni  Co  Mn  Mg  Fe  Cu  Ca 
Head (H), (g)   11.80 1.03 20.02  373.49 0.63  0.10 14.79 
Tail (T), (g)  2.81 0.17  15.42  276.68  0.67 0.02 13.74 
Backmixing (B), (g)  1.01 0.08 2.66  44.80 0.09 0.01 6.30 
Elution (E), (g)  7.55 0.76 1.58 3.30 1.24 0.08 0.66 
Metal recovered 
through mass 
balance (A), (H-T-
B)/H, (%)  67.61 75.39  9.70  13.93 -21.62 73.74 -35.53 
Metal recovered 
from elution (B),  
(E/H), (%)  63.95 73.97  7.89  0.88 198.27  85.69  4.49 
Accountability 
(B/A), (%)  94.59 98.11 81.34  6.35 
-
917.24 116.20 -12.65  
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It is apparent that use of this resin resulted in a recovery of about 67% which is about 
20% lower than the targeted value. Interestingly, however the recovery of cobalt was 
improved to over 70% with this resin which suggests a somewhat greater selectivity of 
this resin for cobalt compared to the IRC 748 resin.  
Overall, the feasibility of recovering nickel from PAL tailing by ion exchange resin 
through 5 stages counter current RIP process was successfully demonstrated in a small 
mini-plant. The IRC 748 resin, despite a lower nominal capacity and operating 
problems during the run, has proved to be superior to the TP 207 product. In addition to 
a higher nickel recovery, the IRC 748 resin also exhibited better elution performance 
with only 2 BV dilute acid required to elute all the metals loaded.  
A decision then was made to move to an integrated pilot plant at a scale of 20 times that 
of the miniplant and that it be operated on site at the Anaconda Murrin Murrin PAL 
plant.   
 
4.9  RIP Pilot Plant Testwork 
As described in Section 3.5.3, a pilot plant was designed, constructed and assembled at 
the university before being installed on site at the Anaconda Nickel operation at Murrin 
Murrin. Three pilot runs were conducted over a period of about three months. The 
operating parameters for these runs were based on the RIP simulation which was 
slightly modified to take into account the results obtained during the miniplant run. The 
main objective of these run was to demonstrate that the RIP process will operate on a 
continuous basis with satisfactory nickel (90%) and cobalt (60%) recovery. A pilot scale 
operation was considered to be important to provide important information for scale-up  
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purposes as well as lower the operational and financial risk of building a full-scale 
commercial plant. 
 
4.9.1  RIP Pilot Plant Run 1 
The RIP pilot plant Run 1 was carried out to confirm the results obtained from the 
miniplant run. In order to do this, this run was conducted with the same parameters used 
in miniplant, which are summarized in Table 4.25. The scale up was from 2 l tanks in 
the mini-plant to 40 l adsorption tanks in the pilot test.  
Table 4.25  Main operating parameters for Pilot Run 1 
Variable  Value 
Pulp flowrate (l/hr)  80  
Backmixing flowrate (l/hr)  12  
Resin flowrate (l/hr)  0.96  
Resin concentration (ml/l)  80  
Initial resin load (l/tank)  3.2  
Fresh resin addition (ml/30 minutes)  480  
 
The pilot plant was designed to treat the CCD tails which typically contained 0.5 g/l of 
nickel in a pulp having 35% solids by mass. However, due to the plant operating 
conditions at that time, the PAL tailings used in this run contained a relatively low 
nickel concentration of about 0.25 g/l at only 20% solids. The pH was increased to 4.6 
by adding 85 l of calcrete. 2.5 l of peroxide also added to assist with iron oxidation and 
precipitation. Table 4.26 summarized the operating parameters for the preparation of the 
feed.  
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Table 4.26  Feed preparation  
Parameters   Values 
Pulp volume (m
3)
  8 
Pulp density –CCD 7 underflow (t/m
3) 1.17 
Solid (m/m%)  20 
Initial pH  2.47 
End pH  4.6 
Calcrete added (l)  85 
Peroxide added (l)  2.5 
 
 
The feed pulp then was screened at 180μm and the +600μm resin fraction used in the 
testwork. Unreacted coarse calcrete particles constituted the main component of the 
+180μm fraction of the pulp which was less than 5% of the solids in the feed.  
 
4.9.1.1  Operation and Adsorption  
The run was planned to continue for 5 days. However, the amount of the feed pulp 
available was inadequate and it was exhausted after 3 days of operation, and the plant 
was shut down after only 78 hours. Due to technical, operational and weather problems, 
the plant had a total of 5 hours downtime (94% availability).  
The main operational problem during this run was the control of the backmixing 
flowrate in the airlifts. This was due to mainly to problems with the control of the 
supply of air to the airlifts. This resulted in a higher than desired backmixing flow and 
resulting resin flowrate, a decrease in the resin concentration in each tank and also a 
decrease in the retention time of the resin. The effect of the backmixing flowrate on the 
resin concentration is shown in Figure 4.46. Due to several problems associated with the  
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feed preparation, control of air to the interstage airlift for backmixing flow and 
impurities accumulated on the resin, the run only achieved average recoveries of 64% of 
nickel and 30% of cobalt.  
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Figure 4.46  Resin concentration and backmixing profiles 
The graph showed that the backmixing flowrate was not controlled to meet the targeted 
value of 12 l/hr. The effect of higher backmixing between 5 and 55 hours of the run 
caused the resin concentration to drop well below the target value of 80 ml/l in tanks 2 
to 5. The resin thus accumulated in tank 1. The profiles of the resin concentration in 
each tank however approached the target value as the backmixing flowrate was reduced 
towards the end of the run.  
Overall performance was measured in terms of the loading of nickel and cobalt on the 
loaded resin from Tank 1 and in the pulp leaving stage 5 as the tails. The concentration  
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of the various metal ions on the loaded resin throughout the run are given in Figure 4.47 
which shows that the highest nickel loading achieved was 13.3g/l. However, the mean 
loading was significantly lower than the target value of 15 g/l. This is attributed to the 
high backmixing flowrate which resulted in a high resin flowrate and therefore lower 
loading which was also reduced by the shorter retention time of the resin per stage.  
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Figure 4.47  Loaded resin profile 
In addition to nickel, aluminium also appeared to load significantly together with small 
amounts of cobalt, magnesium, iron and chromium. Although the elution of the resin 
was generally successful in recovering most of the loaded metal ions, it was noticed that 
the iron and particularly chromium were not efficiently eluted. This will be discussed in 
a later section.  
The mean loading of the metals on the resin is given in Table 4.27 which shows that the 
proportion of the total metal concentration on the resin as nickel + cobalt was only  
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about 35%. Note that chromium and aluminium loading was accounted for in this 
calculation which contributed to the higher percentage of impurities adsorbed compared 
to the run in the miniplant where these metals were ignored in the analysis. 
Table 4.27  Average metals loading on the resin 
  Average metal loading on the resin 
(eq/l) 
Total metals 
loading, T 
(eq/l) 
  Ni  Co  Mn  Mg  Fe  Cu  Cr   Ca  Al    
 0.36  0.01 0.01  0.10  0.03 0.00 0.03 0.02  0.5  1.06 
Valuable metal 
(Ni+Co)/T, % 
34.85              
Impurities,  %  65.15              
 
 
4.9.1.2  Metal Recoveries and Mass Balances 
The variation of the recovery (calculated from the solution feed and tail analyses) of the 
nickel and cobalt for the run are presented in Figure 4.48. It is observed that, as 
expected, the nickel and cobalt follow the same recovery profile. The decreasing 
recovery of both nickel and cobalt after about 10 hours is believed to be associated with 
the decrease in the resin concentrations as shown in Figure 4.46. However, the 
continued decrease after 50 hours cannot be explained by the variation in the resin 
concentration since this parameter was quite reasonably well controlled during this 
period.  
It was suspected that the poor performance and low capacity of the resin was caused by 
accumulation of some of the impurities loaded onto the resin. This accumulation was 
found to be due to ineffective elution of some metal ions and this will be discussed in 
detail in the elution section.   
  182
0
10
20
30
40
50
60
70
80
90
100
0 1 02 03 04 05 06 07 08 0
Time (hr)
%
 
R
e
c
o
v
e
r
y
Ni recovery Target Ni recovery Co recovery Target Co recovery
 
Figure 4.48  Recovery of nickel and cobalt obtained during the run 
The recovery and mass balance of each metal ion as calculated from the loss from the 
pulp and as recovered by the 11 elution cycles throughout the run are shown in Table 
4.28.  
Table 4.28  Recoveries and mass balance in Pilot Run 1 
  Ni  Co  Mn  Mg  Fe  Cu  Cr  Ca  Al 
Head  (H),  (g)  1270.00 119.83 2013.43 31939.75  59.91  1.52  178.05 2666.57 1716.39 
Tail  (T),  (g)  303.20  64.61 1894.96  31315.30 38.42  0.00  59.00 2663.58 870.66 
Backmixing (B), 
(g)  153.16 18.56 302.34 4829.42  7.68  0.16  21.58 419.46 251.76 
Elution  (E),  (g) 719.48  19.54 12.25  40.23  34.19 1.48 20.37 48.24 265.63 
Metal recovered 
( mass balance 
on pulp), A 
  (H-T-B)/H,  (%) 64.07 30.59 -9.13  -13.17 23.05  89.20  54.74  -15.62 34.61 
Metal recovered 
(elution), B 
 (E/H), (%)  56.65  16.31  0.61  0.13  57.07  97.24  11.44  1.81  15.48 
Accountability 
((B/A), (%)  88.43 53.29 -6.66  -0.96 247.56  109.01  20.90  -11.58 44.72 
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The average results for the whole run reveal relatively low recoveries for both nickel 
(64%) and cobalt (30%) based on feed and tails assays. The recoveries obtained from 
the elution data are probably low in that, particularly in the early stages of operation, 
some eluate was lost. The variability in the assays for magnesium, magnesium, iron and 
calcium in the feed solution has contributed to the poor accountability for these ions. It 
should also be noted that about 300 g or 12% of the nickel in the feed is lost in the 
backmixed pulp from the first stage. This loss can be recovered by returning the pulp to 
the feed after screening the loaded resin.  
 
4.9.1.3  Elution  
Elution was carried out in a 20 l column during every alternate shift using 1 M sulphuric 
acid from the plant. The initial and the last parts of the eluate from each elution which 
contained little nickel were recycled and combined with the eluant for the subsequent 
elution. This procedure which illustrated in Figure 4.49 is called a split elution and is 
often employed to achieve a more concentrated eluate for further treatment.  
 
 
 
 
 
 
Figure 4.49  Split elution 
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The successive enrichment of the nickel in eluate through this procedure can be clearly 
seen from the nickel elution profiles in Figure 4.50.  
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Figure 4.50  Elution profile for nickel 
The elution profiles for all metal ions in Figure 4.51 shows that the majority of the 
metals are eluted during the early stage of elution. Chromium however is slow to elute 
with the concentration in the eluate remaining relatively high even on completion of the 
elution cycle. The pale green colour of the resin after the elution also suggested that the 
resin was not completely eluted. This observation is believed to be the main cause of the 
poor subsequent performance of the resin as this metal difficult to elute and continues to 
build up on the resin thereby reducing the capacity for adsorption of nickel.   
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Figure 4.51  Typical elution profiles in Pilot Run 1 
Analysis of the eluted resin was conducted in order to confirm the accumulation of 
these metal ions on the resin. Two samples of the eluted resin were taken for analysis 
and the results are compared to the fresh resin in Table 4.29. 
Table 4.29  Analysis of fresh and regenerated resin 
  Ni  Co  Mn  Mg  Fe  Cr  Ca  Al 
Resin sample  %  %  ppm %  %  %  %  % 
Fresh   0.015 0.001 5.6 0.048  0.04 0.002 0.044 0.33 
Eluted 1  0.053 0.007 5.8  0.02 0.26 0.13 0.031 0.04 
Eluted 2  0.045 0.008 5.4 0.019 0.1 0.16 0.024 0.03 
 
The result shows that compared to the fresh resin, chromium and iron were the major 
impurities which were not eluted. These two ions which initially are very low in the 
feed solution might increase as the pulp flows from the first tank through the last stage. 
This is possible as the pH decreases during adsorption, which causes some re- 
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dissolution of the precipitated impurities. From the metal ions concentration profiles 
shown in Table 4.30, it is obvious that chromium, iron and aluminium hydroxides 
dissolved as the concentration of these metals increased from Tank 1 to Tank 5. 
Aluminium however was not a problem as it is totally eluted by dilute sulphuric acid as 
observed in the Table 4.31. 
Table 4.30  Metal ions concentration profile in the RIP adsorption tanks 
  Metal ions (g/l) 
Sample   pH  Ni  Co  Mn  Mg  Fe  Cr  Ca  Al  
Feed    4.70  0.46 0.039 0.68 9.89 0.012 0.002 0.53 0.043
Tank  1  4.44 0.285 0.035 0.64 8.98 0.014 0.003  0.51  0.075
Tank  2  4.31 0.148 0.028 0.66 9.40 0.016 0.007  0.53  0.134
Tank  3  4.21 0.078 0.020 0.65 9.32 0.017 0.010  0.53  0.181
Tank  4  4.03 0.035 0.013 0.62 8.96 0.019 0.017  0.52  0.242
Tank  5 3.62 0.018 0.010 0.62 9.11 0.025 0.040  0.53  0.367
 
Additional laboratory testwork then was performed to investigate alternative more 
effective elution procedures and the results are given in Table 4.31. The results show 
that an increase in the concentration of the acid in the eluant does remove some of these 
ions. However, using low (1M) acid concentration at elevated temperature resulted in 
essentially complete removal of these metals from the resin. With hindsight, this could 
have been expected given the slow ligand exchange kinetics for iron (III) and, 
particularly, chromium (III).  
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Table 4.31  Effect of acidity on the composition of eluates from stripped resin 
Sulphuric acid  Al  Ca  Co  Cr  Cu  Fe  Mg  Mn  Ni  Zn 
M  g/l  ppm  g/l  g/l  g/l  g/l  g/l  ppm  g/l  g/l 
1  <0.005  <0.005 <0.001 0.03  0.01  0.24  0.007  <0.001 0.01 <0.001
1.5  <0.005  <0.005 <0.001 0.05  0.01  0.28 <0.005  <0.001 0.01 <0.001
2  <0.005 <0.005 <0.001 0.08  0.01  0.3  <0.005 <0.001  0.01  <0.001
2.5  <0.005  <0.005 <0.001 0.11  0.01  0.28 <0.005  <0.001 0.01 <0.001
3.0  <0.005  <0.005 <0.001 0.16  0.01  0.28 <0.005  <0.001 0.01 <0.001
1  #  0.18  0.015 0.0094 1.88  0.003 1.21  0.092  118  0.093 0.020
# 60
oC 
 
4.9.2  RIP Pilot Plant Run 2 
The results from the first run showed that although the plant generally performed well, 
lower than desired recoveries of nickel and cobalt has been attributed to two main 
factors, namely, poor control of the resin concentration as a result of poor control of the 
airflow to the interstage airlifts and “poisoning” of the resin by chromium and to a 
lesser extend iron which were not effectively eluted.  
In the second run, the poor control of the air to the airlift was overcome by installing a 
pressure regulator (Figure 4.52) and rotameters to each tank to regulate the air supply 
and control the backmixing flow from each tank. Elutions were carried out with 1 M 
acid at elevated (60
0C) temperature in order to elute all the impurities and there was no 
circulation of the eluate. Fresh acid was used in every elution.  
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Figure 4.52  Photograph of the air regulator 
In addition, the resin concentration was increased to 4 l per tank while the rest of the 
operating parameters were the same. All procedures for the adsorption and sampling 
remained the same as in the first run. The main operating parameters for pilot Run 2 are 
given in Table 4.32.  
Table 4.32  Main operating parameters for Pilot Run 2 
Variable  Value 
Pulp flowrate (l/hr)  80  
Backmixing flowrate (l/hr)  12  
Resin flowrate (l/hr)  1.2  
Resin concentration (ml/l)  100 
Initial resin load (l/tank)  4  
Fresh resin addition (ml/30 minutes)  600  
 
The nature of the feed pulp used in this run was closer to that designed with nickel 
concentration at 0.4 g/l at 30% solids. The feed was prepared in the same way as in Run 
1. Results of these improvements can be seen from the higher average nickel and cobalt 
recovery of 78% and 25% respectively.  
Air Regulator  
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4.9.2.1  Operation and Adsorption 
The 2
nd run lasted for 4 days and had a total of 40 minutes downtime, i.e availability of 
99.3% compared to 94% in the first run. The use of the air regulator and rotameters in 
each tank resulted in much improved control of the airflow from each air header. The 
profile of the resin concentration in each tank in Figure 4.53 shows this improved resin 
distribution. The average resin concentration was above the target level for 80% of the 
time compared to 34% in Run 1.  
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Figure 4.53  Resin concentration and backmixing profiles 
The main problem encountered during this run was the blockage of the overflow screens 
especially from the first and second tanks. This problem began to appear only after 24 
hours, and can be attributed to the accumulation of solids, which had settled inside the  
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overflow screen which reduced the open area of the screen. This was less a problem 
with tanks 3 to 5 because of the absence of a pressure-equalizing pipe in these tanks.  
The profiles of the loaded resin in Figure 4.54 shows that the nickel loading on the resin 
was well maintained above about 13 g/l throughout the run with a highest loading of 
14.6 g/l of nickel. The average loading in Table 4.33 shows that all of the impurities 
loaded were lower than in Run 1. The percentage of nickel and cobalt loading is 
increased to 50% of the total amount of metals loaded. 
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Figure 4.54  Loaded resin profile 
Table 4.33  Average metals loading on the resin 
  Average metals loading on the resin 
(g/l) 
Total metals 
loading, T 
(g/l) 
  Ni  Co  Mn  Mg  Fe  Cu  Cr   Ca  Al    
  0.44 0.02 0.02 0.11 0.02 0.00 0.01 0.02  0.29  0.92 
Valuable metal  
(Ni+Co)/T, % 
50.0             
Impurities,  %  50.0              
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4.9.2.2  Metal Recoveries and Mass Balances 
The improved performance of pilot Run 2 is clearly demonstrated in the recovery 
profile (calculated from the feed and tail analyses) shown in Figure 4.55. Again it is 
apparent that the recovery of both nickel and cobalt appeared to decrease with time of 
operation and, although the extraction of nickel exceeded the target of 90% for the first 
60 hours, it dropped to about 80% soon thereafter while the target of 70% for cobalt was 
not achieved except in the first 12 hours.  
The decrease in the recovery of nickel after 60 hours is believed to be associated with 
changes in the pulp density in the neutralisation tank. This was caused by the settling of 
solids as a result of insufficient agitation after the pulp level dropped below the level of 
the agitator in the tank. This resulted in a greater feed-rate of solution (and hence 
dissolved nickel) to the RIP circuit.  
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Figure 4.55  Nickel and cobalt recovery profiles during pilot Run 2  
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Recoveries and mass balances of the metals are shown in Table 4.34. The mass balance 
shows that about 78% of nickel was recovered in this run.   
Table 4.34  Recoveries and mass balances  in Pilot Run 2 
  Ni  Co  Mn  Mg  Fe  Cu  Cr  Ca  Al 
Head (H), (g)  2633.49 275.91  4614.97 66761 350.64 8.05  52.55  3506.4  730 
Tail (T), (g) 
 
288.15 
 
166.32 
 
3941.02 
 
57783 
 
259.49 
 
3.14 
 
157.96 
 
3339.6 
 
1396 
Backmixing 
(M), (g)  272.10 38.11  629.38 9045 43.43 0.73  9.61  505.52 124 
Elution (E), (g)  1763.27  71.29 58.06  132  81.40  15.47 24.46 178.95 342 
Metal 
recovered 
through mass 
balance (A), 
(H-T-M)/H, 
(%)  78.73 25.91  00.97 -0.10  13.61  51.94  -218.86  -9.66 -108 
Metal 
recovered 
from elution 
(B), (E/H), (%)  66.96 25.84 1.26  0.20 23.21  192.3  46.55  5.10  46 
Accountability 
(B/A), (%)  85.05 99.74  130.24 -195  170.56  370 -21.27  -52.83 -43 
 
 
4.9.2.3  Elution 
Elution of the loaded resin with 1 M sulphuric acid which was pre-heated up to 60
0C 
proved to be very effective in removing residual iron and chromium. Analysis of the 
eluted resin in Table 4.35 shows that these metals were effectively removed during the 
elution.  
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Table 4.35  Deportment of metal ions  on the resin 
Resin sample  Ni  Co  Mn  Fe  Cu  Cr  Al 
  %  %  ppm ppm ppm ppm  % 
Fresh   0.02 0.001 5.6 400  5.5  17  0.33 
Eluted   0.01 0.003 5.8 560  6.8  17  0.16 
 
The elution profiles in Figure 4.56 reveal that the highest nickel concentration in the 
eluate was increased to 26 g/l compared to only 16 g/l in the previous run.  
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Figure 4.56  Elution profiles for nickel in Run 2 
 
4.9.3  Pilot Plant Run 3 
Although the results obtained during the 4 days of operation in Run 2 were encouraging, 
it was decided to undertake a third run in order to assess the chemical and physical 
robustness process over a longer period. During the 2
nd run it is believed that after few  
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days the level of the pulp in the feed tank had dropped below that of agitation impellor. 
This led to a decrease in the pulp density and an increased the metal ion concentration in 
the feed.  
The 3
rd run was therefore undertaken after installing additional agitation in the 
neutralisation tank in order to keep the solids suspended thus maintaining the same pulp 
density during the run. The operating parameters then were modified in order to 
complete the run over a five day period. The feed flowrate was decreased from 80 to 60 
l/hr and other operating parameters were generated by use of the SIMRIP simulation 
with the results shown in Table 4.36. 
Table 4.36  Operating parameters for Run 3 
Variable  Value 
Pulp flowrate (l/hr)  60  
Backmixing flowrate (l/hr)  13.8  
Resin flowrate (l/hr)  1.26  
Initial resin load (l/tank)  3.6  
Fresh resin addition (ml/30 minutes)  635  
 
The other important observation from the previous two runs was the length of the 
washing period for the eluted resin.  The eluted resin needs to be washed with water to a 
pH value of about 4 to 5 before it can be recycled to the adsorption stage in order to 
keep the pH high enough for the favourable loading of nickel. From Run 2, the washing 
time was found to be as much as 4-5 hours which reduced the resin available for 
recycle. In Run 3, it was decided that dilute ammonia solution be used to reduce the 
washing period. 
These improvements in the operation as well as the experienced gained by the operators 
resulted in successful operation and nickel and cobalt recovery in this run.  
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4.9.3.1  Operation and Adsorption 
This run was more successful in that the plant ran for 99% of the period largely as a 
result of the improvements in the equipment and the experience of the operating team. 
The feed flowrate, backmixing and resin flowrate were properly maintained closed to 
the targeted values as shown in Figure 4.57. However, the backmixing flowrate which 
involved maintaining all five airlifts becomes progressively harder to control as the run 
progressed. This resulted in the loss of resin concentration in a couple of tanks on two 
occasions. Once again, Figure 4.57 shows that the resin concentration became more 
varied after about 90 hours and this variation has reflected on the variation of the 
recovery at this time as shown in Figure 4.59.  
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Figure 4.57  Resin concentration and backmixing flowrate profiles in Run 3  
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An additional observation made during this run was the change in the pH in each 
adsorption tank. The pH profiles given in Figure 4.58 shows that with a pH of feed pulp 
about 4.5, the pH profiles across the adsorption tanks can be maintain at around pH 4 
before dropping to below pH 3.5 in the last tank. There was no such a data from the 
previous run, but it is believed that the washing of the eluted resin with dilute ammonia 
assisted in maintaining the pulp pH at the desired value and thus promoted higher 
recovery. 
2
2.5
3
3.5
4
4.5
5
0 2 04 06 08 0 1 0 0 1 2 0
Time (hr)
p
H
Tank 1
Tank 2
Tank 3
Tank 4
Tank 5
 
Figure 4.58  pH profiles in each RIP adsorption tank 
Another important observation was made as a result of a careful analysis of the solids in 
the feed and tail from the adsorption process. The average values of samples taken at 
regular intervals throughout the run are shown in Table 4.37.  
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Table 4.37  Analysis of solids in the feed and tails 
  Al  Ca  Cr  Fe  Mg  Co  Mn  Ni 
  (%)  (%)  (%)  (%)  (%)  (%)  (%)  (%) 
Average feed  2.23 4.36 0.423  16.93 1.69 0.0097  0.131  0.155
Average tail  2.21 4.48 0.394  16.91 1.56 0.0062  0.117  0.115
Feed/Tail  1.01 0.97  1.07  1  1.09  1.57  1.12 1.36 
 
These results have revealed an interesting aspect of the process. Thus, for the metals 
from Al to Mg, the metal content of the solids does not change during adsorption with 
the ratio of the feed concentration to that in the tail being close to 1. However, for Co, 
Ni, and possibly Mn, the ratio of tail to feed suggests that additional quantities of these 
metal ions were recovered from the solid phase in the RIP adsorption process.  
It is suspected that this additional recovery is associated with metal ions adsorbed on the 
fine hematite produced in the pressure leach process. It is well known that nickel and, 
particularly, cobalt ions are strongly adsorbed onto the surfaces of iron oxides (Laxen, 
1983). This “extra dissolution” due to desorption of metal ions as a result of the low 
concentrations in the later stages of a RIP process is an additional benefit which is not 
obtained in a conventional solid/liquid separation step.  
 
4.9.3.2  Metal Recoveries and Mass Balances 
The success of this run is obvious from the recovery profiles as shown in Figure 4.59. 
The targeted recoveries of both metals were easily achieved and maintained once 
steady-state had been achieved. The higher than the targeted recoveries (as calculated 
from feed and tails analysis) can be attributed to several factors.   
  198
Accumulation of the impurities (iron and chromium) which affected the resin 
performance has been totally avoided through increased efficiency of elution and the 
additional dilute ammonia washing has assisted to maintain the pH of the pulp at the 
required level which promotes valuable metal loading. The decreased in feed flowrate 
has increased the retention time in the circuit thus improving the extent of loading. The 
fluctuation in recoveries towards the end of the campaign can be attributed to the 
operational problem as discussed. 
The results from the metal mass balance show that about 84% of nickel and 50% of 
cobalt were recovered during this run. Table 4.38 shows the individual metal mass 
balances and their recoveries.  
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Figure 4.59  Nickel and cobalt recovery during the third pilot run. 
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Table 4.38  Metals mass balance and their recoveries in Pilot Run 3 
  Ni  Co  Mn  Mg  Fe  Cu  Cr  Ca  Al 
Head (H), (g)  2900  244.03 4454.40 64848.62  26.85  8.35  3.50  3362.7  158.21 
Tail (T), (g)  113  69.07 4113.09  61127.81 61.71  0.06  110.89  3362.5 1108.3 
Backmixing 
(M), (g)  348.8 53.81 779.72  11082.72 7.95  2.37  3.00  610.72 96.81 
Elution (E), (g)  2184 106.74  63.11  140.03  129.95 16.91  65.10  184.37 446.25 
Metal 
recovered 
through mass 
balance (A), 
(H-T-M)/H, 
(%)  84.06 49.64  -9.84  -11.35  -159.4 70.84 -3151.4 -18.16 -661.7 
Metal 
recovered from 
elution (B), 
(E/H), (%)  75.29 43.74  1.42  0.22  483.89 202.6 1858.52  5.48  282.06 
Accountability 
(B/A), (%)  89.57 88.11  -14.40  -1.90 
-
303.58 285.9  -58.97  -30.20  -42.63 
 
 
4.9.3.3  Elution 
The elution of the loaded resin with the pre-heated 1M acid in the previous run had been 
found to be effective in removing all of the adsorbed metals. However, this method is 
time consuming in terms of the extra time needed to heat-up quite large volumes of 
acid.  
It was found from the previous test in Section 4.9.1.3, that 1.5 M acid is sufficient 
enough to remove all the impurities. In this run, elution was successfully conducted 
using 1.5 M sulphuric acid and the washing time was reduced by washing with dilute 
0.1 M ammonia solution.  
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Chapter 5 
Conclusions and Recommendations  
This project has explored in some detail the use of a resin-in-pulp (RIP) process for the 
extraction of nickel and cobalt from tailings of a laterite pressure leach plant. A 
literature survey has revealed that chelating resins with the iminodiacetic acid functional 
groups are the preferred adsorbents from a performance and economic point of view. 
Studies have been made on the equilibrium and kinetics of loading of nickel and cobalt, 
the elution process and the technical feasibility of a RIP process. This study has yielded 
valuable fundamental information which has been used to design and successfully 
operate a continuous process at laboratory and pilot plant scale. 
Preliminary testwork showed that a selected commercial weak acid resin, Amberlite 
IRC 748 exhibits favourable selectivity for the recovery of nickel from the pulp 
produced at a local plant. It was found that the resin reached equilibrium after 4 hours 
with a maximum loading of about 16 g/l of nickel and that elution is easily 
accomplished using dilute sulphuric acid.  
A comparative study based on loading and kinetics of adsorption of nickel from the 
PAL pulp onto selected commercial iminodiacetic chelating resins showed that even 
though these resins belong to the same active group, their performances are quite  
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different from one manufacturer to another. This difference is thought to be caused by 
variations in the synthesis procedure. 
Despite its lower loading capacity, the IRC 748 resin was confirmed to be superior to 
others. The elution of nickel from this resin is easily accomplished by dilute sulphuric 
acid. On the other hand, the resin with a higher loading capacity was found to be less 
selective for nickel and loaded more of the impurity ions present in the pulp. This 
behaviour also leads to difficulty in elution for which higher acid concentration or dilute 
acid at elevated temperature is required for complete metal elution. For all the resin 
samples, it was found that the ammonium form of the resin exhibited greater kinetics of 
adsorption but similar equilibrium loading on the resin in the protonated form.  
The presence of competitive ions in the pulp such as iron (III), chromium (III) and 
aluminium (III) which are strongly adsorbed by the resin would need prior removal 
before loading. It was found that oxidative neutralisation was not only effective with 
greater than 90% of these impurities precipitated, but also economic in that the method 
only requires inexpensive reagents such as lime or limestone.  
Even though neutralisation to a pH value of 4.3 was found to be sufficient to remove 
these metals, a higher pH value of about 4.7-4.8 is preferred as it assists in maintaining 
the pH of the pulp in the RIP extraction process relatively high for selective loading of 
nickel and cobalt onto the resin. It was also observed that about 7-9% of nickel and 
cobalt are co-precipitated during this neutralization stage but that this loss is only 
temporary in that the co-precipitated metal ions are re-dissolved and recovered by 
adsorption in the later stages RIP process.  
Modelling of the equilibrium adsorption isotherms of metal ions on the resin showed 
that the Langmuir isotherm provided an excellent fit while the Freundlich isotherm  
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failed to predict the loading at high loadings. The magnitude of the Langmuir 
equilibrium constant of each metal ion was found to follow the order of selectivity of 
the resin which is nickel > cobalt > manganese > magnesium. The number of protons 
exchanged with the metal ion in solution was found to vary with the pH of the solution.  
In the case of single metal loading from solution, the sodium added (as sodium 
hydroxide) to maintain the pH was observed to co-load on the resin. It was found to be 
necessary to incorporate the sodium loading in the model in order to be able to obtain 
consistent values of the equilibrium constants that can be use to describe the data for 
each metal ion over the pH range studied.  
The adsorption rate was found to follow a first-order approach to equilibrium in both 
solution and pulp. The rate constant was found to be affected by the bead size of the 
resin, temperature and the initial form of resin, but independent of agitation of the resin 
in the pulp. These results were used to develop a preliminary simulation for a multi-stage 
RIP process using software which has been used with success in the simulation of 
carbon-in-pulp processes. The results of the simulation were then used to define the 
operating parameters for continuous RIP mini-plant testwork. 
Two experimental runs were conducted in the laboratory on a miniplant which consisted 
of five counter-current adsorption stages with two commercial resins under the same 
conditions and parameters to confirm the predicted loading performance and to establish 
the elution characteristics for each type of resin. Pulp from a local pressure leach plant 
tailings was used in this testwork. The results of this testwork showed that 90% of the 
nickel and 60% of the cobalt could be recovered in five stages, confirmed the choice of 
the resin and that the simulations based on the batch testwork could be used for design  
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of a pilot plant. The loaded resin was successfully eluted in a column using 2 bed 
volumes of 1M sulphuric acid eluant.  
The promising results achieved in the miniplant allowed a decision to be made to 
progress to an integrated pilot plant at a scale some twenty times that of the miniplant. 
The pilot plant was assembled and transported to site where it was located close to the 
final CCD thickener from which the feed pulp was drawn. Several campaigns were run 
over a period of about two months. 
Due to several operational problems associated with the preparation of the feed pulp and 
the control of the air to the interstage air-lifts, the first run achieved an average 
extraction of 55% for nickel and 15% for cobalt. Although the elution of the resin was 
successful in recovering the nickel and cobalt, it was noticed that the iron and 
particularly, the chromium content of the eluted resin increased during the run. A 
laboratory investigation showed that an increase in the concentration of the acid in the 
eluant and an increase in the temperature of elution to 50
oC resulted in essentially 
complete removal of these metals from the resin.  
As a result of experience gained in the first run, a second and third extended run were 
conducted with similar operating parameters and significantly improved results were 
obtained with in excess of 90% nickel and 60% cobalt recoveries. The resin was 
recycled about 8-11 times during the runs and based on the physical observation, there 
was no measurable degradation of the resin. 
An important observation was made as a result of a careful analysis of the solids in the 
feed and tail from the adsorption process. It was found that additional quantities of Co, 
Ni and Zn were recovered from the solid phase in the RIP adsorption process. It is 
suspected that this additional recovery is associated with metal ions adsorbed on the fine  
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hematite produced in the pressure leach process. This “extra dissolution” due to 
desorption of metal ions as a result of the low concentrations in the later stages of a RIP 
process is an additional benefit which is lost in a conventional solid/liquid separation 
step. 
A useful modelling and simulation package (SIMRIP) which makes use of the data 
provided by the kinetic and equilibrium parameters from the batch testwork has been 
shown to accurately predict the performance of both the laboratory and pilot-scale 
adsorption processes and can be used for the design of a full-scale plant.  
The following additional testwork could be required in order to further develop the RIP 
process to the point at which a design of a full-scale plant could be made. 
i)  Batch testwork on the new advanced, monosized resins that are under 
development by resin manufacturers. These products offer the potential of 
improved chemical and mechanical performance. 
ii)  Simulation of the adsorption process using the parameters derived from the 
above batch testwork. 
iii)  Optimization of the elution of loaded resins in order to maximize the 
recovery and concentration of the metals in the eluate while minimizing the 
cost of the reagents for elution and possible regeneration. 
iv)  Testwork on the most appropriate devices for the interstage screening of the 
resin from the pulp. This aspect of the process is important in terms of the 
screen area required to achieve the separation of pulp from resin in a full 
scale environment.   
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Appendix A  
Tables of Data for Preliminary Pulp Testwork 
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Test 1: Preliminary assessment of loading of nickel from PAL pulp.  
Pulp pH before neutralisation  1.24 
Pulp pH during loading  4 
Pulp volume  1000 ml 
Pulp density  35 % solids 
Pulp SG  1.293 
Eluate volume  500 ml 
NaOH added  141.3 ml 
Contact time  2.5 hr 
Resin volume  13.6 ml 
 
Results  
Sample   Ni 
(g/l) 
Fe 
(g/l) 
Feed 0.5880  0.9856 
Barren 0.3706  0.0162 
Eluate   0.2058  0.0904 
Loading               Pulp loss  7.57  3.32 
                        Elution  7.84  34.98 
 
Test 2: Neutralisation of the PAL pulp with CaCO3 
Pulp pH before neutralisation  1.11 
Neutralisation pH   4.00 
Temperature   60
0C 
Contact time   2 hr 
 
Results  
Sample   Fe 
Feed (g/l)  0.9856 
After neutralisation (g/l)  0.0005 
% precipitated  99.95 
 
Test 3: Loading of nickel onto resin from neutralisation pulp 
Pulp pH before loading  4 
Pulp pH after loading  3.57 
Pulp volume  1000 ml 
Pulp density  35 % solids 
Pulp SG  1.293 
Contact time  2.5 hr 
Eluate   500 ml 
Resin volume  13.6 ml 
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Results  
Sample   Ni 
(g/l) 
Fe 
(g/l) 
Feed 0.5880  0.0005 
Barren 0.3681  0.0000 
Eluate   0.3896  0.0011 
Loading         Pulp loss  13.59  0.00 
Elution 14.32  0.04 
 
Test 4: Kinetics of nickel loading from PAL pulp 
Pulp pH before loading  4 
Pulp pH after loading  3.75 
Pulp volume  1000 ml 
Pulp density  35 % solids 
Pulp SG  1.293 
Contact time  2.5 hr 
Eluate   500 ml 
Resin volume  13.6 ml 
 
Results  
Time 
(hr) 
Ni 
(g/l) 
Sample out 
(ml) 
Ni out 
(g) 
Vol of 
slurry left 
(ml) 
Ni left 
(g) 
Ni 
accumulated 
(g) 
Loading
(g/l) 
0 0.750  10    990  0.624  0  0 
1 0.466  10  0.004  980  0.384  0.236  17.38 
2 0.367  10  0.003  970  0.299  0.319  23.42 
3 0.357  10  0.003  960  0.288  0.326  24.00 
4 0.339  10  0.003  950  0.270  0.341  25.08 
18 0.313  10  0.003  940  0.247  0.362  26.61 
20 0.312  10  0.003  930  0.244  0.362  26.64 
 
Nickel mass balance 
Sample   Ni 
(g) 
Loading 
(g/l) 
Pulp loss  0.362  26.6 
Elution 0.301 22.1 
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Test 5: Kinetics of nickel loading at higher pH 
Pulp pH before loading  4.76 
Pulp pH after loading  4.35 
Pulp volume  1000 ml 
Pulp density  35 % solids 
Pulp SG  1.293 
Contact time  4 hr 
Eluate   500 ml 
Resin volume  13.6 ml 
 
Results  
Time 
(hr) 
Ni 
(g/l) 
Sample out 
(ml) 
Ni out 
(g) 
Vol of 
slurry left 
(ml) 
Ni left 
(g) 
Ni 
accumulated 
(g) 
Loading
(g/l) 
0 0.750  10    990  0.624  0  0 
1 0.456  10  0.004  980  0.376  0.245  17.98 
2 0.376  10  0.003  970  0.307  0.311  22.84 
3 0.331  10  0.003  960  0.267  0.346  25.47 
4 0.304  10  0.003  950  0.243  0.351  25.84 
 
Nickel mass balance 
Sample   Ni 
(g) 
Loading 
(g/l) 
Pulp loss  0.351  25.8 
Elution 0.294 21.6 
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Appendix B  
Tables of Data for Resin Evaluation-Elution Testwork   
Tables of Data for MonoPlus TP 207 Testwork 
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Test 6: Elution 1           
          
Resin type  IRC 748        
Volume of solution  250 ml       
pH   4        
Resin volume  15 ml       
Volume of stripped solution  30.25 ml       
          
Loading results           
Sample  
Ni 
(g/l)        
Feed 2.9         
Barren 1         
Eluate 7.5         
Loading 
                                 Pulp loss    30.73         
                                  Elution   30.18         
          
Elution results           
Time 
(min)  BV 
Ni 
(g/l) 
Ni 
(g) 
Ni accumulated 
(g) 
Fraction 
eluted 
0 0  0  0  0  0 
5 0.33  8.7  0.0174  0.017  0.078 
10 0.67  18  0.036  0.053  0.238 
15 1.00  22  0.044  0.097  0.434 
25 1.67  24  0.048  0.145  0.648 
30 2.00  19  0.038  0.183  0.818 
35 2.33  16  0.032  0.215  0.960 
45 3.00  3.3  0.0066  0.222  0.990 
50 3.33  0.92  0.00184  0.224  0.998 
60 4.00  0.22  0.00044  0.224  1.000 
70 4.67  0.02  0.00004  0.224  1 
80 5.33  0  0  0.224  1 
90 6.00  0  0  0.224  1 
Total     0.224     
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Test 7: Elution 2         
          
Resin type  TP 207         
Volume of solution  250  ml       
pH   4        
Resin volume  15  ml       
Volume of stripped solution  25.3  ml       
          
Loading results             
Ni 
Sample   (g/l)          
Feed 2.9         
Barren 0.4         
Eluate 12         
Loading 
                               Pulp loss    41.13          
                                  Elution  36.63         
          
Elution results         
Time  BV  Ni  Ni  Ni accumulated  Fraction 
(min)    (g/l)  (g)  (g)  eluted 
0 0  0  0  0  0 
5 0.33  4.2  0.008  0.008  0.034 
10 0.67  14  0.028  0.036  0.148 
15 1.00  17  0.034  0.070  0.286 
25 1.67  15  0.030  0.100  0.408 
30 2.00  14  0.028  0.128  0.522 
35 2.33  13  0.026  0.154  0.628 
40 2.67  13  0.026  0.180  0.734 
45 3.00  11  0.022  0.202  0.823 
50 3.33  9.8  0.020  0.222  0.903 
60 4.00  4.3  0.009  0.231  0.938 
70 4.67  2.7  0.005  0.236  0.960 
80 5.33  2.6  0.005  0.241  0.981 
90 6.00  2.3  0.005  0.246  1 
Total     0.246     
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Test 8: Elution 3        
        
Resin type  TP 208        
Volume of solution  250 ml       
pH   4        
Resin volume  15 ml       
Volume of stripped solution  58 ml       
         
Loading results             
Ni    
Sample   (g/l)         
Feed 2.9         
Barren 0.049         
Eluate 7.7         
Loading    
                                Pulp loss    47.45          
                                   Elution    42         
        
Elution results        
Time  Ni  Ni 
Ni 
accumulated  Fraction 
(min)  BV  (g/l)  (g)  (g)  eluted 
0 0  0  0  0  0 
5 0.33  3.7  0.0074  0.007  0.040 
15 1.00  12  0.024  0.031  0.171 
20 1.33  14  0.028  0.059  0.324 
25 1.67  13  0.026  0.085  0.466 
35 2.33  13  0.026  0.111  0.607 
40 2.67  12  0.024  0.135  0.738 
45 3.00  8.2  0.0164  0.152  0.828 
50 3.33  5  0.01  0.162  0.882 
55 3.67  3  0.006  0.168  0.915 
60 4.00  2.5  0.005  0.173  0.942 
70 4.67  1.9  0.0038  0.177  0.963 
80 5.33  1.7  0.0034  0.180  0.981 
90 6.00  1.7  0.0034  0.183  1 
Total         0.1834       
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Test 9: Elution 4          
          
Resin type  S 930        
Volume of solution  250 ml       
pH   4        
Resin volume  15 ml       
Volume of stripped solution  33.5 ml       
          
Loading results             
Ni    
Sample   (g/l)         
Feed 2.9         
Barren 0.74         
Eluate 6.6         
Loading    
                                 Pulp loss    35.01          
                                  Elution   29.82         
          
Elution results          
Time  Ni  Ni 
Ni 
accumulated  Fraction 
(min)  BV  (g/l)  (g)  (g)  eluted 
0 0  0  0  0  0 
5 0.33  1.3  0.003  0.003  0.011 
10 0.67  11  0.022  0.025  0.109 
15 1.00  15  0.030  0.055  0.241 
20 1.33  15  0.030  0.085  0.374 
25 1.67  13  0.026  0.111  0.489 
30 2.00  13  0.026  0.137  0.604 
35 2.33  11  0.022  0.159  0.701 
40 2.67  8.9  0.018  0.176  0.780 
45 3.00  7.8  0.016  0.192  0.849 
55 3.67  7.7  0.015  0.207  0.917 
60 4.00  5.6  0.011  0.219  0.966 
70 4.67  1.9  0.004  0.222  0.983 
80 5.33  1.1  0.002  0.225  0.993 
90 6.00  0.82  0.002  0.226  1 
Total         0.226       
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Test 10: Kinetics of loading of nickel onto MonoPlus TP 207 in the acid form   
            
Pulp pH before loading  4.65          
Pulp pH after loading  3.82          
Pulp volume  1000 ml         
Pulp density  33 % solids         
Pulp SG    1.34          
Eluate volume  250 ml         
Resin volume  15 ml         
            
Results                
Time  Ni  Sample 
out 
Ni out  Vol of 
slurry left
Ni 
left 
Ni accumulated  Loading
(hr)  (g/l)  (ml)  (g)  (ml)  (g)  (g)  (g/l) 
0  0.558        1000  0.501  0 0 
1 0.373  10  0.003  990  0.331  0.166 11.05 
2 0.311  10  0.003  980  0.274  0.221 14.70 
3 0.293  10  0.003  970  0.255  0.237 15.78 
4 0.286  10  0.003  960  0.246  0.243 16.18 
            
Nickel mass balance             
Ni  Loading           Sample  
(g)  (g/l)          
Pulp loss  0.243  16.18          
Elution 0.236 15.71          
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Appendix C  
Table of Data for Resin Titration 
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Test 11: Resin titration 
NaOH concentration  1.103 
Resin volume  87 ml 
Ratio of resin in Na
+ to H
+  1.276 
  
Vol. of NaOH 
added  pH 
Average 
NaOH 
Na 
uptake 
(eq/l) 
Average 
pH  dpH 
Accumulated 
NaOH  dV  dpH/dV 
0 3.29  0.5  0.008  3.29  0.31  0 1  0.310 
1 3.6  1.5  0.024  3.72  0.23  1  1  0.230 
2 3.83  3.5  0.057  4.22  0.77  2 3  0.257 
5 4.6  6  0.097  4.80  0.40  5  2  0.200 
7 5  8.5  0.137  5.11  0.21  7  3  0.070 
10 5.21  12.5  0.202  5.43  0.44  10 5  0.088 
15 5.65  17.5  0.283  5.91  0.51  15 5  0.102 
20 6.16  22.5  0.364  6.20  0.08  20 5  0.016 
25 6.24  27.5  0.445  6.28  0.08  25 5  0.016 
30 6.32  32.5  0.526  6.40  0.15  30 5  0.030 
35 6.47  37.5  0.607  6.49  0.03  35 5  0.006 
40 6.5  42.5  0.687  6.50  0.00  40  5  0.000 
45 6.5  52.5  0.849  6.51  0.01  45  15  0.001 
60 6.51  65  1.051  7.26  1.49  60  10  0.149 
70 8  72.5  1.173  8.71  1.42  70  5  0.284 
75 9.42  77.505  1.254  9.71  0.58  75  5.01  0.116 
80.01  10 83.71 1.354 10.22  0.44  80.01  7.4  0.059 
87.41 10.44  88.705  1.435  10.47  0.06  87.41  2.59  0.023 
90  10.5  92.76 1.500 10.53  0.06  90  7  0.009 
95.52  10.56  97.76 1.581 10.64  0.16  97  3  0.053 
100  10.72  102.5 1.658 10.76  0.07  100  5  0.014 
105  10.79  107.65  1.741  10.83  0.08 105 5.3  0.015 
110.3 10.87  112.66  1.822  10.94  0.13  110.3  4.72  0.028 
115.02 11  117.51  1.901  11.06  0.11  115.02  4.98  0.022 
120 11.11  60  0.971  5.56 
-
11.11 120 
-
120 0.093 
 
Resin capacity found at the second equivalent point shows that 72.5 ml of 1.103 M NaOH is 
needed to replace all the proton in the resin 
Equivalent of Na
+ = 1.103 x 72.5 /1000 = 0.07997 
Equivalent Na
+ = Equivalent H
+ 
Capacity of the resin = 0.07997/0.087 x 1.276= 1.173 eq/ l 
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Appendix D 
A. Tables of Data for Equilibrium Adsorption Isotherm  
B. Tables Data for Metal-NaOH Mass Balance 
C.  Tables of Data for Modelling of Equilibria Involving Metal Ions 
and Sodium Ions with the Resin 
D. Tables of Data for Loading of Two Metal Ions on the Resin 
E. Tables of Data for Modelling of Equilibria Involving Two Metal 
Ions and Sodium Ions with the Resin 
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A. Equilibrium adsorption isotherm data 
 
Test 12: Nickel loading equilibrium isotherm at pH 3.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  3 
Nickel concentration  2.7 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 285        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.008 1.6970  0.935  29.22  30.63 1.98 
0.010 1.3284  1.230  30.75  29.73 1.03 
0.013 1.0952  1.502  28.88  28.91 0.00 
0.015 0.9416  1.675  27.92  28.18 0.07 
0.018 0.7177  1.920  26.67  26.68 0.00 
0.020 0.5835  2.010  25.13  25.38 0.07 
0.025 0.4306  2.130  21.30  23.23 3.72 
0.030 0.2600  2.300  19.17  19.16 0.00 
0.040 0.1528  2.420  15.13  14.62 0.25 
0.050 0.1187  2.530  12.65  12.55 0.01 
0.060 0.0710  2.600  10.83 8.80 4.13 
0 0  0  0  0    
               Sum  11.26 
Freundlich         
RM =  a.Ce^b        
a 1.64        
b 0.31        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.008 1.6970  0.935  29.22  32.49  10.69 
0.010 1.3284  1.230  30.75  30.13 0.38 
0.013 1.0952  1.502  28.88  28.40 0.24 
0.015 0.9416  1.675  27.92  27.11 0.65 
0.018 0.7177  1.920  26.67  24.94 2.98 
0.020 0.5835  2.010  25.13  23.40 2.96 
0.025 0.4306  2.130  21.30  21.32 0.00 
0.030 0.2600  2.300  19.17  18.26 0.83 
0.040 0.1528  2.420  15.13  15.51 0.15 
0.050 0.1187  2.530  12.65  14.35 2.88 
0.060 0.0710  2.600  10.83  12.25 2.01 
0 0  0  0  0   
       Sum    23.77  
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Test 13: Nickel loading equilibrium isotherm at pH 4.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  4 
Nickel concentration  2.4 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 8635        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.0080 1.31040  0.55  34.38  34.17  0.04 
0.0100 0.90160  0.68  34.00  34.09  0.01 
0.0140 0.43200  0.95  33.93  33.81  0.01 
0.0170 0.16920  1.10  32.35  33.02  0.44 
0.0200 0.02640  1.10  27.50  27.31  0.04 
0.0300 0.02200  1.20  20.00  26.24  38.90 
0.0400 0.00360  1.20  15.00  11.89  9.67 
0.0500 0.00258  1.20  12.00  9.46  6.46 
0.0700 0.00229  1.20  8.57  8.66  0.01 
0.0850 0.00190  1.20  7.06  7.51  0.21 
0 0  0  0  0   
             Sum           55.79 
Freundlich         
RM =  a.Ce^b        
a 1.23        
b 0.17        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.008 1.3104  0.55  34.38  38.26  15.11 
0.010 0.9016  0.68  34.00  35.95  3.82 
0.014 0.4320  0.95  33.93  31.81  4.48 
0.017 0.1692  1.10  32.35  27.22  26.37 
0.020 0.0264  1.10  27.50  19.98  56.53 
0.030 0.0220  1.20  20.00  19.38  0.38 
0.040 0.0036  1.20  15.00  14.34  0.43 
0.050 0.0026  1.20  12.00  13.57  2.48 
0.070 0.0023  1.20  8.57  13.31  22.41 
0.085 0.0019  1.20  7.06  12.90  34.13 
0 0  0  0  0   
              Sum     166.14 
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Test 14: Nickel loading equilibrium isotherm at pH 5.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  5 
Nickel concentration  2.4 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 58599        
Rmax 0.610       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.0100 0.83720  0.73  36.50  35.77  0.53 
0.0120 0.69980  0.87  36.25  35.76  0.24 
0.0160 0.42000  1.15  35.94  35.73  0.04 
0.0180 0.07500  1.20  33.33  35.34  4.03 
0.0200 0.00497  1.20  30.00  29.80  0.04 
0.0250 0.00262  1.10  22.00  25.91  15.30 
0.0300 0.00078  1.20  20.00  15.69  18.59 
0.0400 0.00068  1.20  15.00  14.48  0.27 
0.0500 0.00050  1.20  12.00  11.86  0.02 
0.0650 0.00046  1.20  9.23  11.27  4.15 
0 0  0  0 0   
       Sum    43.23 
Freundlich          
RM =  a.Ce^b        
a 1.07        
b 0.11        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.010 0.83720  0.73 36.50  38.73  4.98 
0.012 0.69980  0.87 36.25  37.95  2.89 
0.016 0.42000  1.15 35.94  35.80  0.02 
0.018 0.07500  1.20 33.33  29.42  15.33 
0.020 0.00497  1.20 30.00  21.59  70.76 
0.025 0.00262  1.10 22.00  20.07  3.72 
0.030 0.00078  1.20 20.00  17.48  6.34 
0.040 0.00068  1.20 15.00  17.21  4.88 
0.050 0.00050  1.20 12.00  16.60  21.16 
0.065 0.00046  1.20  9.23  16.46  52.24 
0 0  0  0 0   
       Sum    182.31 
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Test 15: Cobalt loading equilibrium isotherm at pH 3.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  3 
Cobalt concentration  2.7 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 37        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.005 2.500  0.39  19.50  21.00  2.26 
0.008 2.300  0.62  19.38  20.31  0.88 
0.010 1.960  0.77  19.25  18.96  0.08 
0.013 1.750  0.93  17.88  17.99  0.01 
0.015 1.598  0.99  16.50  17.21  0.50 
0.018 1.470  1.20  16.67  16.49  0.03 
0.020 1.400  1.30  16.25  16.07  0.03 
0.025 1.176  1.40  14.00  14.59  0.34 
0.030 1.100  1.62  13.50  14.03  0.28 
0.035 0.843  1.75  12.50  11.88  0.39 
0.040 0.705  1.80  11.25  10.53  0.52 
0.060 0.441  2.10  8.75  7.44  1.72 
0.080 0.304  2.30  7.19  5.49  2.88 
0.100 0.240  2.35  5.88  4.49  1.92 
0 0  0  0  0    
              Sum     11.85 
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Freundlich 
Re =  a.Ce^b        
a 1.64        
b 0.49        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.005 2.500  0.39  19.50  20.67  1.38 
0.008 2.300  0.62  19.38  19.85  0.23 
0.010 1.960  0.77  19.25  18.36  0.79 
0.013 1.750  0.93  17.88  17.37  0.26 
0.015 1.598  0.99  16.50  16.62  0.01 
0.018 1.470  1.20  16.67  15.96  0.51 
0.020 1.400  1.30  16.25  15.58  0.45 
0.025 1.176  1.40  14.00  14.31  0.10 
0.030 1.100  1.62  13.50  13.85  0.12 
0.035 0.843  1.75  12.50  12.16  0.11 
0.040 0.705  1.80  11.25  11.15  0.01 
0.060 0.441  2.10  8.75  8.87  0.01 
0.080 0.304  2.30  7.19  7.39  0.04 
0.100 0.240  2.35  5.88  6.59  0.51 
0 0  0  0  0   
             Sum    4.54 
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Test 16: Cobalt loading equilibrium isotherm at pH 4.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  4 
Cobalt concentration  2.5 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 1292        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.008 1.5200  1.08  33.75  33.47 0.08 
0.010 1.2870  1.35  33.75  33.29 0.21 
0.015 0.7600  2.00  33.33  32.52 0.66 
0.018 0.4500  2.25  31.25  31.30 0.00 
0.020 0.2100  2.30  28.75  28.32 0.18 
0.025 0.1260  2.40  24.00  25.31 1.72 
0.030 0.0760  2.40  20.00  21.54 2.39 
0.035 0.0666  2.40  17.14  20.46 11.02 
0.040 0.0326  2.50  15.63  14.38 1.55 
0.050 0.0202  2.50  12.50  10.60 3.62 
0.060 0.0123  2.60  10.83  7.33 12.26 
0 0  0  0  0    
          Sum  33.68 
 
 
Freundlich         
Re =  a.Ce^b        
a 1.10        
b 0.19        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.008 1.5200  0.98  30.63  32.90 5.15 
0.010 1.2870  1.20  30.00  31.89 3.58 
0.015 0.7600  1.80  30.00  28.92 1.17 
0.018 0.4500  2.00  27.78  26.23 2.39 
0.020 0.2100  2.20  27.50  22.76 22.43 
0.025 0.1260  2.30  23.00  20.70 5.29 
0.030 0.0760  2.30  19.17  18.84 0.10 
0.035 0.0666  2.40  17.14  18.39 1.55 
0.040 0.0326  2.50  15.63  16.10 0.23 
0.050 0.0202  2.50  12.50  14.73 4.99 
0.060 0.0123  2.60  10.83  13.43 6.76 
0 0  0  0  0    
              Sum         53.64  
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Test 17: Cobalt loading equilibrium isotherm at pH 5.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  5 
Cobalt concentration  2.5 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 25531        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.010 0.85140  1.40  35.00  34.38  0.38 
0.013 0.43000  1.80  34.62  34.29  0.11 
0.015 0.20400  2.00  33.33  34.09  0.57 
0.017 0.04032  2.20  32.35  32.61  0.06 
0.026 0.00337  2.20  21.15  20.47  0.47 
0.030 0.00468  2.40  20.00  23.09  9.53 
0.040 0.00206  2.40  15.00  16.27  1.62 
0.050 0.00085  2.45  12.25 9.25 9.00 
0.064 0.00071  2.45 9.57  8.10 2.17 
0 0  0  0  0    
       Sum    23.92 
 
Freundlich          
RM =  a.Ce^b        
a 1.17        
b 0.14        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.010 0.85140  1.40  35.000  38.55  12.62 
0.013 0.43000  1.80  34.615  35.12  0.25 
0.015 0.20400  2.00  33.333  31.72  2.61 
0.017 0.04032  2.20  32.353  25.42  48.10 
0.026 0.00337  2.20  21.154  18.11  9.25 
0.030 0.00468  2.40  20.000  18.94  1.12 
0.040 0.00206  2.40  15.000  16.94  3.75 
0.050 0.00085  2.45  12.250  15.00  7.54 
0.064 0.00071  2.45  9.570  14.64  25.65 
0 0  0  0  0    
       Sum    110.89 
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Test 18: Magnesium loading equilibrium isotherm at pH 3.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  3 
Magnesium concentration  2.15 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 3       
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.01 1.93  0.098  2.450  2.54  0.01 
0.02 1.85  0.186  2.325  2.46  0.02 
0.03 1.65  0.290  2.417  2.23  0.03 
0.04 1.46  0.298  1.863  2.01  0.02 
0.05 1.15  0.375  1.874  1.63  0.06 
0.072 1.08  0.450  1.563  1.54  0.00 
0 0      0  0    
      Sum    0.14 
 
 
 
 
Freundlich         
RM =  a.Ce^b        
a 0.57        
b 0.68        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.01 1.93  0.098  2.450  2.46  0.00 
0.02 1.85  0.186  2.325  2.39  0.00 
0.03 1.65  0.290  2.417  2.21  0.04 
0.04 1.46  0.298  1.863  2.04  0.03 
0.05 1.15  0.375  1.874  1.73  0.02 
0.072 1.08  0.450  1.563  1.66  0.01 
0 0  0  0  0    
      Sum    0.11 
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Test 19: Magnesium loading equilibrium isotherm at pH 4.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  4 
Magnesium concentration  2.15 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 12        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.01 1.827  0.248  6.20  6.80  0.36 
0.02 1.490  0.481  6.01  6.08  0.01 
0.03 1.230  0.679  5.66  5.43  0.05 
0.04 1.100  0.841  5.25  5.06  0.04 
0.05 1.060  0.963  4.81  4.94  0.02 
0.07 0.727  1.204  4.30  3.80  0.25 
0 0  0  0  0    
      Sum  0.73 
 
 
Freundlich          
RM =  a.Ce^b        
a 0.77        
b 0.41        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.01 1.827  0.248  6.20  6.37  0.03 
0.02 1.490  0.481  6.01  5.86  0.02 
0.03 1.230  0.679  5.66  5.41  0.06 
0.04 1.100  0.841  5.25  5.16  0.01 
0.05 1.060  0.963  4.81  5.09  0.07 
0.07 0.727  1.204  4.30  4.35  0.00 
0 0  0  0  0    
      Sum  0.20 
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Test 20: Magnesium loading equilibrium isotherm at pH 5.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  5 
Magnesium concentration  2.15 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 30        
Rmax 0.585       
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.01 1.800  0.384  9.60  9.80  0.04 
0.02 1.360  0.736  9.20  8.91  0.09 
0.03 1.200  1.017  8.48  8.48  0.00 
0.04 0.995  1.205  7.53  7.83  0.09 
0.05 0.838  1.362  6.81  7.22  0.17 
0.07 0.500  1.700  6.07  5.42  0.42 
0 0  0  0  0    
      Sum    0.81 
 
 
Freundlich         
RM =  a.Ce^b        
a 1.14        
b 0.40        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.01 1.800  0.384  9.60  9.79  0.04 
0.02 1.360  0.736  9.20  8.76  0.20 
0.03 1.200  1.017  8.48  8.33  0.02 
0.04 0.995  1.205  7.53  7.73  0.04 
0.05 0.838  1.362  6.81  7.21  0.16 
0.07 0.500  1.700  6.07  5.87  0.04 
0 0  0  0  0    
      Sum    0.5 
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Test 21: Manganese loading equilibrium isotherm at pH 3.00 
Langmuir   
Resin size  + 355-500 micron 
Operating pH  3 
Manganese concentration  2.15 g/l 
Operating temperature  25
0C 
Eluate   500 ml 
 
RM =  K.Rmax.Ce        
 1+K.Ce        
K 6       
Rmax 0.585       
 
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.012 1.980  0.250  5.21  5.77  0.31 
0.020 1.682  0.375  4.69  5.04  0.12 
0.029 1.273  0.500  4.31  3.96  0.12 
0.042 1.180  0.680  4.05  3.71  0.12 
0.050 0.981  0.720  3.60  3.14  0.21 
0.100 0.693  1.006  2.52  2.28  0.05 
0 0  0  0  0    
      Sum    0.94 
 
 
 
Freundlich          
RM =  a.Ce^b        
a 0.70        
b 0.60        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.012 1.980  0.250  5.21  5.30  0.01 
0.020 1.682  0.375  4.69  4.81  0.02 
0.029 1.273  0.500  4.31  4.07  0.06 
0.042 1.180  0.680  4.05  3.89  0.02 
0.050 0.981  0.720  3.60  3.48  0.01 
0.100 0.693  1.006  2.52  2.83  0.10 
0 0  0  0  0    
      Sum    0.22 
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B. Data for metal-NaOH mass balance  
 
Nickel-NaOH mass balance-Data for Test 12 to Test 14 
pH 3           
Resin vol  Ni loaded  Ni loading  
Actual 
NaOH 
Equiv. 
Ni 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)   (eq)    (eq)   (ml) 
8 0.245  29.22 7.52  0.0083  0.0083  8.52 
10 0.300  30.75 9.31  0.0102  0.0102  10.43 
13 0.375  28.88 11.13  0.0128  0.0128  13.04 
15 0.425  27.92 12.85  0.0145  0.0145  14.77 
18 0.450  26.67 14.72  0.0153  0.0153  15.64 
20 0.480  25.13 15.64  0.0164  0.0164  16.69 
25 0.500  21.30 17.52  0.0170  0.0170  17.38 
30 0.550  19.17 18.3  0.0187  0.0187  19.12 
40 0.600  15.13 20.99  0.0204  0.0204  20.86 
50 0.633  12.65 21.25  0.0215  0.0215  21.99 
60 0.650  10.83 22.05  0.0221  0.0221  22.59 
           
pH 4          
Resin vol  Ni loaded  Ni loading  
Actual 
NaOH 
Equiv. 
Ni 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)   (eq)     (eq)  (ml) 
8 0.275  34.38 9.59  0.0094  0.0094  9.56 
10 0.340  34.00 11.55  0.0116  0.0116  11.82 
15 0.475  33.93 17.96  0.0162  0.0162  16.51 
20 0.550  32.35 20.22  0.0187  0.0187  19.12 
25 0.550  27.50 21.87  0.0187  0.0187  19.12 
30 0.600  20.00 21.63  0.0204  0.0204  20.86 
40 0.600  15.00 23.6  0.0204  0.0204  20.86 
50 0.600  12.00 23.61  0.0204  0.0204  20.86 
70 0.600 8.57  24.2  0.0204  0.0204  20.86 
85 0.600 7.06 25.96  0.0204  0.0204  20.86 
           
pH 5          
Resin vol  Ni loaded  Ni loading  
Actual 
NaOH 
Equiv. 
Ni 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)   (eq)   (eq)  (ml) 
10 0.366  36.50 13.72  0.0125  0.0125  12.72 
12 0.435  36.25 16.11  0.0148  0.0148  15.12 
16 0.575  35.94 20.86  0.0196  0.0196  19.99 
18 0.600  33.33 21.82  0.0204  0.0204  20.86 
20 0.600  30.00 22.77  0.0204  0.0204  20.86 
25 0.600  22.00 24.27  0.0204  0.0204  20.86 
30 0.600  20.00 26.88  0.0204  0.0204  20.86 
40 0.600  15.00 28.67  0.0204  0.0204  20.86 
50 0.600  12.00 34.08  0.0204  0.0204  20.86 
70 0.600 9.23 39.00  0.0204  0.0204  20.86  
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Cobalt-NaOH mass balance-Data for Test 15 to Test 17 
pH 3            
Resin vol  Co loaded  Co loading 
Actual 
NaOH  Equiv. Co 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)    (eq)   (eq)   (ml) 
5 0.098  19.50  3.92  0.0033  0.0033  3.24 
8 0.155  19.38  5.13  0.0053  0.0053  5.15 
10 0.193  19.25  6.61  0.0065  0.0065  6.40 
13 0.233  17.88  7.25  0.0079  0.0079  7.73 
15 0.248  16.50  8.25  0.0084  0.0084  8.23 
18 0.300  16.67  9.08  0.0102  0.0102  9.98 
20 0.325  16.25  10.55  0.0110  0.0110  10.81 
25 0.350  14.00  12.91  0.0119  0.0119  11.64 
30 0.405  13.50  13.12  0.0137  0.0137  13.47 
35 0.438  12.50  14.92  0.0148  0.0148  14.55 
40 0.450  11.25  15.36  0.0153  0.0153  14.96 
60 0.525 8.75  17.91  0.0178  0.0178  17.46 
80 0.575 7.19  19.83  0.0195  0.0195  19.12 
100 0.588 5.88 19.95  0.0199  0.0199  19.54 
            
pH 4            
Resin vol  Co loaded  Co loading 
Actual 
NaOH  Equiv. Co 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)    (eq)      (eq)  (ml) 
8 0.245  33.75  9.50  0.0083  0.0083  8.15 
10 0.300  33.75  10.87  0.0102  0.0102  9.98 
15 0.450  33.33  15.70  0.0153  0.0153  14.96 
18 0.500  31.25  18.15  0.0170  0.0170  16.63 
20 0.550  28.75  19.28  0.0187  0.0187  18.29 
25 0.575  24.00  21.38  0.0195  0.0195  19.12 
30 0.575  20.00  20.94  0.0195  0.0195  19.12 
35 0.600  17.14  23.83  0.0204  0.0204  19.95 
40 0.625  15.63  24.62  0.0212  0.0212  20.78 
50 0.625  12.50  24.96  0.0212  0.0212  20.78 
60 0.650  10.83  25.72  0.0221  0.0221  21.62 
            
pH 5            
Resin vol  Co loaded  Co loading 
Actual 
NaOH  Equiv. Co 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)     (eq)     (eq)  (ml) 
10 0.350  35.00  13.67  0.0119  0.0119  11.68 
13 0.450  34.62  16.13  0.0153  0.0153  15.02 
16 0.500  33.33  18.78  0.0170  0.0153  15.02 
20 0.550  32.35  23.62  0.0187  0.0213  20.85 
26 0.550  21.15  26.89  0.0187  0.0187  18.35 
30 0.600  20.00  28.62  0.0204  0.0204  20.02 
40 0.600  15.00  31.72  0.0204  0.0204  20.02 
50 0.613  12.25  38.11  0.0209  0.0209  20.48 
64 0.613 9.57  39.56  0.0209  0.0209  20.48 
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Mg-NaOH mass balance –Data for Test 18 to Test 20  
pH 3           
Resin vol  Mg loaded  Mg loading 
Actual 
NaOH  Equiv. Mg 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)     (eq)     (eq)  (ml) 
10 0.025  2.45 1.76  0.0020  0.0020  2.06 
20 0.047  2.33 4.21  0.0038  0.0038  3.90 
30 0.073  2.42 5.39  0.0060  0.0060  6.09 
40 0.075  1.86 6.30  0.0061  0.0061  6.25 
50 0.094  1.87 7.45  0.0077  0.0077  7.86 
72 0.113  1.56 9.30  0.0093  0.0093  9.44 
           
pH 4            
Resin vol  Mg loaded  Mg loading 
Actual 
NaOH  Equiv. Mg 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)     (eq)    (eq)   (ml) 
10 0.062  6.20 5.13  0.0051  0.0051  5.21 
20 0.120  6.01 9.81  0.0099  0.0099  10.08 
30 0.170  5.66 13.74  0.0140  0.0140  14.26 
40 0.210  5.25 18.56  0.0173  0.0173  17.65 
50 0.241  4.81 23.60  0.0198  0.0198  20.21 
70 0.301  4.30 30.06  0.0248  0.0248  25.27 
           
pH 5            
Resin vol  Mg loaded  Mg loading 
Actual 
NaOH  Equiv. Mg 
Equiv. 
NaOH 
Calculated 
NaOH 
(ml)  (g)  (g/l)  (ml)    (eq)      (eq)  (ml) 
10 0.096  9.60 6.98  0.0079  0.0079  8.06 
20 0.184  9.20 13.50  0.0151  0.0151  15.45 
30 0.254  8.48 19.86  0.0209  0.0209  21.35 
40 0.301  7.53 27.28  0.0248  0.0248  25.29 
50 0.341  6.81 29.62  0.0280  0.0280  28.59 
70 0.425  6.07 43.60  0.0350  0.0350  35.68 
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C. Modelling of equilibria involving metal ions and sodium ions with the resin  
 
1. Ni
2+/H
+/Na
+ Equilibrium system 
 
Resin size          +355 micron     
Operating pH   3.00      
Temperature   25 C     
Solution vol  250 ml     
Strip solution  250 ml     
NaOH   0.98 mol/l     
Qr 0.625 mol/l     
H+ 0.001 mol/l  0.0001  0.00001 
K1 0.00021 mol/l     
Kna 0.2      
   Resin Vol  [M
2+]
[M
2+] 
eluted  
NaOH 
added  Ve  
Na 
Total  RHNa  RH2  [M
2+] 
RM 
Obs.   RM 
RM 
Cal.   (Delta)^2 
    (l)  (g/l)  (g/l)  (ml)  (ml)  (mol/l) (g/l)  (mol/l)  (mol/l) (g/l)  (g/l)  (g/l)    
pH 3  0.008  1.697  0.935  7.52 257.52  0.029  0.621  0.085 0.029 29.22 30.14  30.14  0.00 
    0.010  1.328  1.230  9.31 259.31  0.035  0.771  0.103 0.023 30.75 28.69  28.69  0.00 
   0.013  1.095  1.502  11.13  261.13  0.042  0.922  0.119  0.019  28.88  27.36  27.36  0.00 
   0.015  0.942  1.675  12.85  262.85  0.048  1.061  0.133  0.016  27.92  26.20  26.20  0.00 
   0.018  0.718  1.920  14.72  264.72  0.054  1.215  0.160  0.012  26.67  24.17  24.17  0.00 
   0.020  0.584  2.010  15.64  265.64  0.058  1.291  0.184  0.010  25.13  22.58  22.58  0.00 
   0.025  0.431  2.130  17.52  267.52  0.064  1.443  0.221  0.007  21.30  20.02  20.01  0.00 
   0.030  0.260  2.300  18.30  268.30  0.067  1.511  0.290  0.004  19.17  15.83  15.82  0.00 
   0.040  0.153  2.420  20.99  270.99  0.076  1.721  0.356  0.003  15.13  11.42  11.42  0.00 
   0.050  0.119  2.530  21.25  271.25  0.077  1.742  0.386  0.002  12.65  9.61  9.61  0.00 
   0.060  0.071  2.600  22.05  272.05  0.079  1.805  0.436  0.001  10.83  6.50  6.50  0.00 
   0  0  0  0  0  0  0  0  0  0  0  0  0  
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pH 4  0.008  1.310  0.55  9.50 259.50  0.036  0.593  0.001 0.022 34.38 35.11  35.11  0.00 
   0.010 0.902 0.68  11.55  261.55  0.043  0.781  0.002  0.015  34.00  34.59  34.59 0.00 
   0.014 0.432 0.95  17.96  267.96  0.066  1.328  0.004  0.007  33.93  33.09  33.09 0.00 
   0.017 0.169 1.10  20.22  270.22  0.073  1.597  0.009  0.003  32.35  32.08  32.08 0.00 
   0.020 0.026 1.10  21.00  271.00  0.076  1.729  0.053  0.000  27.50  29.19  29.19 0.00 
   0.030 0.022 1.20  21.63  271.63  0.078  1.780  0.062  0.000  20.00  28.50  28.52 0.00 
   0.040 0.004 1.20  23.50  273.50  0.084  1.932  0.236  0.000  15.00  17.88  17.88 0.00 
   0.050 0.003 1.20  23.61  273.61  0.085  1.941  0.281  0.000  12.00  15.24  15.24 0.00 
   0.070 0.002 1.20  24.59  274.59  0.088  2.014  0.295  0.000  8.57  14.22  14.21 0.00 
   0.085 0.002 1.20  25.96  275.96  0.092  2.116  0.317  0.000  7.06  12.68  12.68 0.00 
   0 0  0 0  0  0  0  0  0  0  0  0  0 
pH 5  0.010 0.837 0.73  11.56  261.56  0.043  0.285  0.000  0.014  36.50  35.95  35.95 0.00 
   0.012  0.700  0.87  15.20  265.20  0.056  0.425  0.000  0.012  36.25  35.62  35.62  0.00 
   0.016  0.420  1.15  19.50  269.50  0.071  0.718  0.000  0.007  35.94  34.85  34.85  0.00 
   0.018  0.075  1.20  21.82  271.82  0.079  1.459  0.000  0.001  33.33  32.95  32.95  0.00 
   0.020  0.005  1.20  22.77  272.77  0.082  1.850  0.003  0.000  30.00  31.79  31.79  0.00 
   0.025  0.003  1.10  24.27  274.27  0.087  1.976  0.006  0.000  22.00  31.31  31.31  0.00 
   0.030  0.001  1.20  26.88  276.88  0.095  2.181  0.018  0.000  20.00  30.05  30.05  0.00 
   0.040  0.001  1.20  28.67  278.67  0.101  2.312  0.021  0.000  15.00  29.57  29.57  0.00 
   0.050  0.000  1.20  34.08  284.08  0.118  2.698  0.027  0.000  12.00  28.21  28.21  0.00 
   0.065  0.000  1.20  39.00  289.00  0.132  3.035  0.028  0.000  9.23  27.28  27.28  0.00 
   0  0  0  0  0  0  0  0  0  0  0  0   
                      Sum    0.00 
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2. Co
2+/H
+/Na
+ Equilibrium system 
 
Resin size          +355  micron    
Operating pH   3.00       
Temperature   25  C     
Solution vol  250  ml     
Strip solution  250  ml     
NaOH   1.03  mol/l     
RT 0.625  mol/l     
H+ 0.001  mol/l  0.0001 0.00001
K1 0.00003  mol/l     
Kna 0.17       
   Resin Vol  [M
2+] 
[M
2+] 
eluted  
NaOH 
added  Ve  
Na 
Total  RHNa RH2  [M
2+] 
RM 
Obs.   RM 
RM 
Cal.   (Delta)^2 
    (l)  (g/l)  (g/l)  (ml)  (ml)  (mol/l) (g/l)  (mol/l) (mol/l)  (g/l)  (g/l)  (g/l)    
pH 3  0.0050  2.500  0.39  3.92  253.92 0.016  0.357  0.274  0.042  19.50  19.76  19.76  0.00 
   0.0080  2.300  0.62  5.13  255.13 0.021  0.465  0.284  0.039  19.38  18.88  18.88  0.00 
   0.0100  1.960  0.77  6.61  256.61 0.027  0.597  0.306  0.033  19.25  17.29  17.29  0.00 
   0.0130  1.750  0.93  7.25  257.25 0.029  0.654  0.321  0.030  17.88  16.23  16.23  0.00 
   0.0150  1.598  0.99  8.25  258.25 0.033  0.742  0.332  0.027  16.50  15.34  15.34  0.00 
   0.0180  1.470  1.20  9.08  259.08 0.036  0.815  0.343  0.025  16.67  14.55  14.55  0.00 
   0.0200  1.400  1.30  10.55  260.55 0.042  0.942  0.346  0.024  16.25  14.01  14.01  0.00 
   0.0250  1.176  1.40  12.91  262.91 0.051  1.143  0.365  0.020  14.00  12.40  12.40  0.00 
   0.0300  1.100  1.62  13.12  263.12 0.051  1.161  0.373  0.019  13.50  11.87  11.87  0.00 
   0.0350  0.843  1.75  14.92  264.92 0.058  1.313  0.402  0.014  12.50  9.79  9.79  0.00 
   0.0400  0.705  1.80  15.36  265.36 0.060  1.351  0.421  0.012  11.25  8.58  8.58  0.00 
   0.0600  0.441  2.10  17.91  267.91 0.069  1.562  0.458  0.007  8.75  5.85  5.85  0.00 
   0.0800  0.304  2.30  19.83  269.83 0.076  1.718  0.479  0.005  7.19  4.21  4.21  0.00 
   0.1000  0.240  2.35  19.95  269.95 0.076  1.729  0.492  0.004  5.88  3.42  3.42  0.00 
   0  0  0  0  0  0  0  0  0  0  0  0  0 
pH 4  0.008  1.520  1.08  9.50  259.50 0.038  0.801  0.010  0.026  33.75  34.17  34.17  0.00 
   0.010  1.287  1.35  10.87  260.87 0.043  0.923  0.011  0.022  33.75  33.79  33.79  0.00 
   0.015  0.760  2.00  15.70  265.70 0.061  1.343  0.017  0.013  33.33  32.38  32.38  0.00  
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   Resin Vol  [M
2+] 
[M
2+] 
eluted  
NaOH 
added  Ve  
Na 
Total  RHNa RH2  [M
2+] 
RM 
Obs.   RM 
RM 
Cal.   (Delta)^2 
    (l)  (g/l)  (g/l)  (ml)  (ml)  (mol/l) (g/l)  (mol/l) (mol/l)  (g/l)  (g/l)  (g/l)    
   0.018  0.450  2.25  18.15  268.15 0.070  1.563  0.026  0.008  31.25  31.28  31.28  0.00 
   0.020  0.210  2.30  19.28  269.28 0.074  1.674  0.051  0.004  28.75  29.55  29.55  0.00 
   0.025  0.126  2.40  20.94  270.94 0.080  1.816  0.078  0.002  24.00  27.60  27.60  0.00 
   0.030  0.076  2.40  21.31  271.31 0.081  1.850  0.116  0.001  20.00  25.23  25.23  0.00 
   0.035  0.067  2.40  23.83  273.83 0.090  2.051  0.127  0.001  17.14  24.11  24.11  0.00 
   0.040  0.033  2.50  24.62  274.62 0.092  2.117  0.206  0.001  15.63  19.29  19.29  0.00 
   0.050  0.020  2.50  24.96  274.96 0.094  2.145  0.267  0.000  12.50  15.59  15.59  0.00 
   0.060  0.012  2.60  25.72  275.72 0.096  2.205  0.330  0.000  10.83  11.74  11.74  0.00 
   0  0  0  0  0  0  0  0  0  0  0  0  0 
pH 5  0.0100  0.851  1.40  13.67  263.67 0.053  0.840  0.004  0.014  35.00  34.47  34.47  0.00 
   0.0130  0.430  1.80  16.13  266.13 0.062  1.166  0.003  0.007  34.62  33.66  33.66  0.00 
   0.0150  0.204  2.00  18.78  268.78 0.072  1.490  0.003  0.003  33.33  32.83  32.83  0.00 
   0.0170  0.040  2.20  23.62  273.62 0.089  1.999  0.005  0.001  32.35  31.41  31.41  0.00 
   0.0260  0.003  2.20  26.89  276.89 0.100  2.295  0.032  0.000  21.15  29.07  29.07  0.00 
   0.0300  0.005  2.40  28.62  278.62 0.106  2.426  0.024  0.000  20.00  29.21  29.21  0.00 
   0.0400  0.002  2.40  31.72  281.72 0.116  2.663  0.048  0.000  15.00  27.20  27.20  0.00 
   0.0500  0.001  2.45  38.11  288.11 0.136  3.130  0.096  0.000  12.25  23.13  23.13  0.00 
   0.0640  0.001  2.45  39.56  289.56 0.141  3.233  0.110  0.000  9.57  22.09  22.09  0.00 
   0  0  0  0  0  0  0  0  0  0  0  0    
                       Sum    0 
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3. Mg
2+/H
+/Na
+ Equilibrium system 
 
Resin size          +355 micron     
Operating pH   3.00      
Temperature   25 C     
Solution vol  250 ml     
Strip solution  250 ml     
NaOH   0.98 mol/l     
RT 0.625 mol/l     
H+ 0.001 mol/l  0.0001 0.00001
K1 0.0000002 mol/l     
Kna 0.17      
   Resin Vol  [M
2+] 
[M
2+] 
eluted  
NaOH 
added  Ve  
Na 
Total  RHNa RH2  [M
2+] 
RM 
Obs.   RM 
RM 
Cal.   (Delta)^2 
    (l)  (g/l)  (g/l)  (ml)  (ml)  (mol/l)  (g/l)  (mol/l) (mol/l) (g/l)  (g/l)  (g/l)    
pH 3  0.01  1.930  0.098  1.76  251.76 0.007  0.170  0.609  0.079  2.45  0.20  0.20  0.00 
   0.02  1.850  0.186  4.21  254.21 0.016  0.384  0.600  0.076  2.33  0.19  0.19  0.00 
   0.03  1.650  0.290  5.39  255.39 0.021  0.487  0.597  0.068  2.42  0.17  0.17  0.00 
   0.04  1.460  0.298  6.30  256.30 0.024  0.565  0.594  0.060  1.86  0.15  0.15  0.00 
   0.05  1.150  0.375  7.45  257.45 0.028  0.665  0.591  0.047  1.87  0.12  0.12  0.00 
   0.072  1.080  0.450  9.30  259.30 0.035  0.818  0.585  0.044  1.56  0.11  0.11  0.00 
   0  0.00  0  0  0  0  0  0  0  0  0  0  0 
pH 4  0.01  1.827  0.248  5.13  255.13 0.020  0.456  0.263  0.075  6.20  8.33  8.33  0.00 
   0.02  1.490  0.481  9.81  259.81 0.037  0.853  0.285  0.061  6.01  7.37  7.37  0.00 
   0.03  1.230  0.679  13.74  263.74 0.051  1.174  0.306  0.051  5.66  6.52  6.52  0.00 
   0.04  1.100  0.841  18.56  268.56 0.068  1.557  0.312  0.045  5.25  5.96  5.96  0.00 
   0.05  1.060  0.963  20.20  270.20 0.073  1.684  0.314  0.044  4.81  5.77  5.78  0.00 
   0.07  0.727  1.204  25.00  275.00 0.089  2.048  0.353  0.030  4.30  4.45  4.45  0.00  
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   0  0.000  0  0  0  0  0  0  0  0  0  0  0 
pH 5  0.01  1.800  0.384  6.98  256.98 0.027  0.627  0.004  0.074  9.60  14.44  14.44  0.00 
   0.02  1.360  0.736  13.50  263.50 0.050  1.160  0.005  0.056  9.20  13.84  13.84  0.00 
   0.03  1.200  1.017  19.86  269.86 0.072  1.659  0.006  0.049  8.48  13.30  13.30  0.00 
   0.04  0.995  1.205  25.00  275.00 0.089  2.046  0.007  0.041  7.53  12.86  12.86  0.00 
   0.05  0.838  1.362  29.30  279.30 0.103  2.359  0.008  0.034  6.81  12.50  12.50  0.00 
   0.07  0.500  1.700  38.00  288.00 0.129  2.967  0.013  0.021  6.07  11.73  11.73  0.00 
   0  0  0  0  0  0  0  0  0  0  0  0    
                     S u m   0  
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D. Loading Data for Two Metal Ions Loaded on the Resin 
 
Test 22:  Nickel and cobalt loading, pH 4, resin volume 20 ml   
Results for cobalt loading       
Time  Co in sol  Sample out  Co Out  Accumulated NaOH added  Co loading 
(min)  (g/l)  (ml)  (g)  (ml)  (g/L) 
0 0.88  3.1    0  0 
5 0.716  3  0.002  24.75  1.13 
10 0.688  3  0.002  31.18  1.30 
17 0.667  3  0.002  36.22  1.41 
25 0.650  3.3  0.002  39.00  1.55 
30 0.638  3  0.002  40.82  1.67 
35 0.629  3  0.002  41.54  1.76 
40 0.616  3  0.002  42.51  1.91 
45 0.609  3.4  0.002  42.72  1.99 
50 0.598  3.2  0.002  43.48  2.11 
60 0.597  3.2  0.002  44.66  2.10 
90 0.580  2.8  0.002  46.73  2.25 
120 0.579  3  0.002  48.14  2.22 
150 0.578  2.9  0.002  49.13  2.21 
180 0.572  3  0.002  49.35  2.28 
210 0.573  3  0.002  49.80  2.25 
240 0.572  3  0.002  49.86  2.27 
          
   
Results for nickel loading      
Time  Ni in sol  Sample out  Ni out  Accumulated NaOH added  Ni loading 
(min)  (g/l)  (ml)  (g)  (ml)  (g/L) 
0 8.6925  3.1    0  0 
5 6.5525  3  0.020  24.75  18.31 
10 5.8050  3  0.017  31.18  26.48 
17 5.3690  3  0.016  36.22  31.06 
25 5.2890  3.3  0.017  39.00  31.42 
30 5.1860  3  0.016  40.82  32.36 
35 4.9913  3  0.015  41.54  34.83 
40 4.9168  3  0.015  42.51  35.60 
45 4.9000  3.4  0.017  42.72  35.77 
50 4.8600  3.2  0.016  43.48  36.12 
60 4.8520  3.2  0.016  44.66  35.94 
90 4.8220  2.8  0.014  46.73  35.83 
120 4.7801  3  0.014  48.14  36.04 
150 4.7620  2.9  0.014  49.13  36.04 
180 4.7535  3  0.014  49.35  36.09 
210 4.7536  3  0.014  49.80  35.98 
240 4.7495  3  0.014  49.86  36.02 
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Test 23:  Nickel and magnesium loading, pH 4, resin volume 20 ml   
Results for nickel loading      
Time  Ni in sol  Sample out Ni out  Accumulated NaOH added  Ni loading 
(min)  (g/l)  (ml)  (g)  (ml)  (g/L) 
0 3.00  3      0.00  0.00 
10 1.60  2.8  0.004  13.80  16.21 
20 1.16  3.3  0.004  15.30  21.75 
30 0.93  3  0.003  17.17  24.63 
50 0.77  3  0.002  18.88  26.67 
70 0.73  3.1  0.002  19.02  27.16 
100 0.63  3  0.002  20.38  28.29 
125 0.58  3  0.002  20.88  28.89 
180 0.55  3  0.002  21.22  29.29 
240 0.53  3  0.002  21.28  29.58 
         
 
Results for magnesium  loading      
Time  Mg in sol  Sample out Mg out  Accumulated NaOH added  Mg loading 
(min)  (g/l)  (ml)  (g)  (ml)  (g/L) 
0 11.00  3      0.00  0.00 
10 10.09  2.8  0.028  13.80  4.33 
20 9.88  3.3  0.033  15.30  6.30 
30 9.60  3  0.029  17.17  8.91 
50 9.40  3  0.028  18.88  10.68 
70 9.38  3.1  0.029  19.02  10.87 
100 9.26  3  0.028  20.38  11.74 
125 9.26  3  0.028  20.88  11.48 
180 9.25  3  0.028  21.22  11.48 
240 9.24  3  0.028  21.28  11.60 
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E. Modelling of Equilibria Involving Two Metal Ions and Sodium Ions with Resin 
 
1. Ni
2+/Co
2+/H
+/Na
+ Equilibrium system 
 
  Resin size        +355  micron                  
 
Operating 
pH   4.00                  
 Temperature  25  C                      
 Solution  vol  250  ml                        
 
Strip 
solution 250  ml                        
 NaOH    0.97  mol/l                      
 Q r 0.655  mol/l                       
 H+  0.0001  mol/l                       
 K 1 0.00021  mol/l                     
 K 2 0.00003  mol/l                     
 Kna  0.18                        
                          
  Resin Vol 
Ni in 
sol  
Co in 
sol 
NaOH 
add  Ve  
Na 
Tot.  RHNa  RH2  M1  M2 
RM1 
Obs.  
RM2 
Obs.  
RM1 
Cal.  
RM2 
Cal.   (Delta)^2 
   (l)  (g/l)  (g/l)  (ml)  (ml)  (mol/l)  (g/l)  (mol/l)  (mol/l)  (mol/l)  (g/l)  (g/l)  (g/l)  (g/l)    
 0.02  4.750  0.5718  49.86  247.96  0.1950  3.3907 
-
0.1172 0.0809 0.0097  36.02  0.66  33.66  0.56  5.569 
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2. Ni
2+/Mg
2+/H
+/Na
+ Equilibrium system 
 
Resin size        +355  micron 
Operating 
pH   4.00   
Temperature 25  C 
Solution vol  250  ml 
Strip 
solution 250  ml 
NaOH   0.97  mol/l 
Qr 0.655  mol/l 
H+ 0.0001  mol/l 
K1 0.00021  mol/l 
K2 0.0000002  mol/l 
Kna 0.18   
Resin Vol 
Ni in 
sol  
Mg in 
sol 
NaOH 
add  Ve  
Na 
Tot.  RHNa  RH2  M1  M2 
RM1 
Obs.  
RM2 
Obs.  
RM1 
Cal.  
RM2 
Cal.   (Delta)^2 
 (l)  (g/l)  (g/l)  (ml)  (ml)  (mol/l)  (g/l)  (mol/l)  (mol/l)  (mol/l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.02 0.526  9.24 21.28  241.10  0.0856  1.3438  -0.3845  0.0090  0.3800  29.58  11.6  32.56  0.53 8.883 
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Appendix E 
Table of Data for Equilibrium Adsorption Isotherm of Nickel from 
CCD Pulp 
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 Equilibrium adsorption isotherm data of nickel loading from CCD pulp 
 
Pulp pH before loading  4.68      
Pulp pH after loading    4      
Pulp volume  500 ml     
Eluate volume  250 ml     
Feed Ni  0.48 g/l     
 Co  0.058 g/l     
RM =  K.Rmax.Ce        
 1+K.Ce        
K 772.83        
Rmax 0.361        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.006 0.28  0.35  15.91  16.67  0.58 
0.008 0.19  0.49  15.31  15.14  0.03 
0.010 0.14  0.58  14.50  13.74  0.58 
0.013 0.12  0.67  13.40  12.98  0.18 
0.016 0.077  0.65  10.48  10.67  0.03 
0.020 0.055  0.71  8.88  8.90 0.00 
0.026 0.04  0.74  7.25  7.31  0.00 
0.030 0.032  0.72  6.00  6.28 0.08 
0.045 0.02  0.73  4.06  4.42  0.13 
0 0  0  0  0    
       Sum   1.62 
          
Freundlich        
RM =  a.Ce^b        
a 29.000        
b 0.4        
Resin Vol  M  M strip  RM Obs.  RM Cal.  (Delta)^2 
 (l)  (g/l)  (g/l)  (g/l)  (g/l)    
0.006 0.28  0.35  15.91  17.88  3.88 
0.008 0.19  0.49  15.31  15.43  0.01 
0.010 0.14  0.58  14.50  13.74  0.58 
0.013 0.12  0.67  13.40  12.96  0.20 
0.016 0.077  0.65  10.48  10.95  0.21 
0.020 0.055  0.71  8.88  9.63 0.57 
0.026 0.04  0.74  7.25  8.53  1.64 
0.030 0.032  0.72  6.00  7.84 3.39 
0.045 0.02  0.73  4.06  6.56  6.26 
0 0  0  0  0    
       Sum  17.00 
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Appendix F 
A. Tables of Data for RIP Miniplant Run 1 
 
B. Tables of Data for RIP Miniplant Run 2 
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A. Table of Experimental Data Miniplant Run 1 
  
1. Adsorption results 
            
Sample 
Time 
 (hr)  
Ni  
(g/l) 
Co  
(g/l) 
Mn 
(g/l) 
Mg 
 (g/l) 
Fe  
(g/l) 
Cu  
(g/l) 
Ca 
 (g/l) 
Feed  0 0.36  0.031  0.62  10  0.35  0.00057  0.57 
Feed  10 0.35  0.029  0.58  9.4  0.19  0.0014  0.55 
   Mean  0.355  0.030  0.600  9.700  0.270  0.001  0.560 
 Ni/M  1.00  11.83  0.59  0.04  1.31  360.41  0.63 
Tail profile - approach to steady-state                      
Stage 5  2 0.06  0.016  0.52  9.1  0.31  0.0049  0.53 
Stage 5  4 0.035  0.011  0.44  7.6  0.25  0.0003  0.44 
Stage 5  6 0.025  0.0092  0.42  7.3  0.24  0.00021  0.47 
Stage 5  8 0.031  0.011  0.52  8.8  0.27  0.000099  0.51 
Stage 5  10 0.038  0.011  0.51  8.4  0.17  0.000099  0.52 
  Mean 0.038  0.012  0.482  8.240  0.248  0.0011  0.494 
Solution profile at five hours                 
Feed  5 0.36  0.031  0.62  10  0.35  0.00057  0.57 
Stage 1  5 0.28  0.028  0.58  9.6  0.33  0.00043  0.53 
Stage 2  5 0.15  0.019  0.46  7.6  0.26  0.00029  0.46 
Stage 3  5 0.084  0.016  0.5  8.3  0.27  0.00034  0.51 
Stage 4  5 0.049  0.012  0.46  7.7  0.25  0.00012  0.49 
Stage 5  5 0.026  0.0093  0.41  6.9  0.23  0.00025  0.49 
                
Solution profile at ten hours                      
Feed  10 0.35  0.029  0.58  9.4  0.19  0.0014  0.55 
Stage 1  10 0.29  0.027  0.55  8.7  0.17  0.00045  0.49 
Stage 2  10 0.28  0.03  0.62  10  0.2  0.00032  0.54 
Stage 3  10 0.13  0.024  0.58  9  0.18  0.00029  0.49 
Stage 4  10 0.049  0.012  0.4  6.4  0.13  0.00025  0.36 
Stage 5  10 0.038  0.012  0.57  9.4  0.18  0.00029  0.52  
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Eluate Assays loaded resin - approach to steady-state  Resin vol  10  ml       
      Eluate vol  250  ml         
Sample 
Time 
 (hr)  
Ni  
(g/l) 
Co  
(g/l) 
Mn 
(g/l) 
Mg 
 (g/l) 
Fe  
(g/l) 
Cu  
(g/l) 
Ca 
 (g/l) 
Stage 1  2 0.33  0.015  0.039  0.096  0.036  0.0018  0.021 
Stage 1  4 0.43  0.018  0.033  0.071  0.041  0.0025  0.018 
Stage 1  6 0.54  0.02  0.032  0.07  0.049  0.0036  0.018 
Stage 1  8 0.54  0.019  0.029  0.072  0.052  0.0038  0.018 
                
Resin Loading - approach to steady-state              
Stage 1  2 8.25  0.375  0.975  2.4  0.9  0.045  0.525 
Stage 1  4  10.75  0.45  0.825  1.775 1.025 0.0625 0.45 
Stage 1  6 13.5  0.5  0.8  1.75  1.225  0.09  0.45 
Stage 1  8 13.5  0.475  0.725  1.8  1.3  0.095  0.45 
                
Eluate Assays - Resin in Stages after 10 
hours    
Eluate 
volume   1  litre            
Stage 1  10 1.23  0.044  0.06  0.10  0.12  0.0100  0.043 
Stage 2  10 1.8  0.07  0.099  0.17  0.20  0.0056  0.062 
Stage 3  10 1.9  0.091  0.14  0.24  0.28  0.0039  0.082 
Stage 4  10 1.5  0.112  0.22  0.40  0.36  0.0074  0.114 
Stage 5  10 0.74  0.062  0.2  0.38  0.26  0.0054  0.106 
                
Resin Loading Profile after 10 hours (g/l)              
Stage 1  10 12.30  0.44  0.60  1.00  1.20  0.10  0.43 
Stage 2  10 11.61  0.45  0.64  1.10  1.29  0.04  0.40 
Stage 3  10 8.84  0.42  0.65  1.12  1.30  0.02  0.38 
Stage 4  10 4.52  0.34  0.66  1.20  1.08  0.02  0.34 
Stage 5  10 2.31  0.19  0.63  1.19  0.81  0.02  0.33 
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Metal on Resin in Stages after 10 Hours (g) 
Sample 
Time 
 (hr)  
Ni  
(g) 
Co  
(g) 
Mn 
 (g) 
Mg 
 (g) 
Fe  
(g) 
Cu  
(g) 
Ca 
 (g) 
Stage 1  10 1.23  0.044  0.06  0.1  0.12  0.01  0.043 
Stage 2  10 1.8  0.07  0.099  0.17  0.2  0.0056  0.062 
Stage 3  10 1.9  0.091  0.14  0.24  0.28  0.0039  0.082 
Stage 4  10 1.5  0.112  0.22  0.4  0.36  0.0074  0.114 
Stage 5  10 0.74  0.062  0.2  0.38  0.26  0.0054  0.106 
  Total 7.17  0.379  0.719 1.29  1.22 0.0323 0.407 
              
Backmixing   (g/l)  Volume of solution   12.6  litres           
B/mixing     0.025  0.007  0.13  2.6  0.0058  0.0003  0.52 
 
 
Solids Profile after 10 hours             
                 
   Al  Ca  Co  Cr  Fe  Mg  Mn  Ni  Si  Zn 
   (%)  (%)  (%)  (ppm)  (%)  (%)  (ppm)  (%)  (%)  (ppm) 
Feed  2.1 4.8 0.007 3450 17.7 0.7  550  0.14  16.6  61 
Stage  1  1.9 4.8 0.008 3150 15.9 0.9  700  0.14  17.0  55 
Stage  2  1.9 4.8 0.007 3100 16.2 0.9  650  0.14  17.0  57 
Stage  3  1.9 4.8 0.007 3150 16.4 0.8  600  0.14  17.2  60 
Stage  4  1.9 4.9 0.006 3200 16.6 0.7  550  0.12  17.2  51 
Stage  5  2.0 4.7 0.006 3250 17.1 0.6  450  0.12  17.7  50 
Tail  2.0 4.8 0.006 3300 17.1 0.5  450  0.13  17.6  51 
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2. Elution results  
 
Elution 1- Resin collected during the first 5 hours of operation 
 
Sample  volume    10  ml        
      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
1  0.1 0.03 0.01  0.16 1.30 0.07  0.00  0.36 
2  0.2 0.15 0.04  0.39 2.30 0.16  0.00  0.75 
3  0.3 0.50 0.09  0.70 2.70 0.29  0.00  0.96 
4  0.4 1.20 0.18  0.99 2.70 0.40  0.00  0.82 
5  0.5 2.40 0.29  1.20 2.40 0.51  0.00  0.87 
6  0.6 3.90 0.39  1.30 1.80 0.55  0.00  0.85 
7  0.7 5.70 0.47  1.20 1.10 0.50  0.00  0.92 
8  0.8 8.70 0.54  1.00 0.62 0.45  0.00  0.79 
9  0.9 12.00 0.55 0.74  0.30  0.33 0.00 0.49 
10  1  15.00 0.49 0.44  0.13  0.27 0.00 0.25 
11  1.1 14.00 0.32 0.20  0.05  0.37 0.03 0.10 
12  1.2 14.00 0.25 0.11  0.02  0.95 0.23 0.05 
13  1.3 10.00 0.16 0.07  0.02  1.40 0.36 0.03 
14  1.4 4.60 0.07  0.02 0.01 1.50  0.25  0.81 
15  1.5 1.20 0.02  0.00 0.00 0.75  0.06  0.00 
16  1.6 0.30 0.00  0.00 0.00 0.31  0.01  0.00 
17  1.7 0.13 0.11  0.00 0.00 0.12  0.00  0.00 
18  1.8 0.10 0.00  0.00 0.00 0.07  0.00  0.00 
19  1.9 0.08 0.00  0.00 0.00 0.04  0.00  0.00 
20  2  0.08 0.00  0.00 0.00 0.02  0.00  0.00 
21  2.1 0.07 0.00  0.00 0.00 0.02  0.00  0.00 
22  2.2 0.06 0.00  0.00 0.00 0.01  0.00  0.00 
23  2.3 0.05 0.00  0.00 0.00 0.01  0.00  0.00 
24  2.4 0.05 0.00  0.00 0.00 0.01  0.00  0.00 
Total  (mg)      94.30 3.97 8.52 15.44 9.09 0.96 8.06 
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Elution 2- Resin collected during the second 5 hours of operation 
 
Volume sample   10 ml           
      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
1  0.1  0.07  0.01 0.03 0.17 0.02 0.00 0.06 
2  0.2  0.65  0.05 0.17 0.61 0.08 0.00 0.23 
3  0.3  2.00  0.13 0.37 1.10 0.18 0.00 0.47 
4  0.4  3.60  0.20 0.50 1.20 0.25 0.00 0.59 
5  0.5  5.90  0.29 0.60 1.10 0.32 0.00 0.65 
6  0.6  8.40  0.36 0.61 0.88 0.34 0.00 0.61 
7  0.7  11.00  0.40 0.57 0.68 0.37 0.01 0.52 
8  0.8  14.00  0.43 0.48 0.53 0.46 0.02 0.41 
9  0.9  14.00  0.39 0.36 0.37 0.70 0.07 0.30 
10  1  15.00  0.36 0.30 0.34 1.10 0.15 0.26 
11  1.1  11.00  0.28 0.24 0.29 1.20 0.15 0.21 
12  1.2  9.50  0.25 0.24 0.30 1.20 0.12 0.22 
13  1.3  6.10  0.15 0.13 0.14 1.10 0.10 0.11 
14  1.4  2.30  0.06 0.04 0.04 0.77 0.04 0.03 
15  1.5  0.73  0.02 0.01 0.01 0.37 0.01 0.01 
16  1.6  0.10  0.00 0.00 0.00 0.08 0.00 0.00 
17  1.7  0.07  0.00 0.00 0.00 0.04 0.00 0.00 
18  1.8  0.06  0.00 0.00 0.00 0.03 0.00 0.00 
19  1.9  0.05  0.00 0.00 0.00 0.02 0.00 0.00 
20  2  0.05  0.00 0.00 0.00 0.01 0.00 0.00 
Total  (mg)    104.56 3.37 4.65 7.75 8.64 0.67 4.67 
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B. Table of Experimental Data Miniplant Run 2 
  
1. Adsorption results            
Sample 
Time 
 (hr)  
Ni  
(g/l) 
Co  
(g/l) 
Mn  
(g/l) 
Mg 
 (g/l) 
Fe  
(g/l) 
Cu  
(g/l) 
Ca  
(g/l) 
Feed  0 0.39  0.035  0.66  11  0.026  0.004  0.53 
Feed  10 0.4  0.034  0.68  14  0.016  0.0024  0.46 
   Mean  0.40  0.03  0.67  12.50  0.02  0.00  0.50 
 
Tail profile - approach to steady-state                         
Stage 5  2 0.12  0.0064  0.49  9  0.024  0.00076  0.46 
Stage 5  4 0.092  0.0054  0.55  9.9  0.024  0.00088  0.49 
Stage 5  6 0.075  0.0044  0.52  9.5  0.022  0.00053  0.47 
Stage 5  8 0.095  0.0063  0.51  9  0.022  0.00028  0.44 
Stage 5  10  0.089  0.0059  0.51 8.9 0.02  0.00058  0.44 
  Mean  0.094  0.006 0.516 9.260 0.022 0.001 0.460 
 
Solution profile at five hours                
Feed  5 0.39  0.035  0.66  11  0.026  0.004  0.53 
Stage 1  5 0.26  0.022  0.55  9.1  0.022  0.00057  0.47 
Stage 2  5 0.17  0.013  0.52  8.8  0.022  0.0021  0.46 
Stage 3  5 0.17  0.013  0.55  9.5  0.023  0.00058  0.48 
Stage 4  5 0.12  0.0086  0.5  8.8  0.022  0.00098  0.45 
Stage 5  5 0.089  0.0056  0.52  9.6  0.024  0.00086  0.48 
 
 
Solution profile at ten hours 
 
          
Feed  10 0.4  0.034  0.68  14  0.016  0.0024  0.46 
Stage 1  10 0.29  0.024  0.66  13  0.018  0.0014  0.46 
Stage 2  10 0.25  0.02  0.66  14  0.022  0.0018  0.48 
Stage 3  10 0.21  0.017  0.66  14  0.021  0.0018  0.47 
Stage 4  10 0.16  0.012  0.63  14  0.022  0.0015  0.47 
Stage 5  10 0.12  0.0073  0.6  13  0.021  0.0022  0.46  
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Eluate Assays loaded resin - approach to 
steady-state     Eluate  vol  250  ml       
Sample 
Time 
 (hr)  
Ni  
(g/l) 
Co  
(g/l) 
Mn  
(g/l) 
Mg 
 (g/l) 
Fe  
(g/l) 
Cu  
(g/l) 
Ca  
(g/l) 
Stage 1  2  0.059  0.0065 0.018 0.037 0.008  0.0014 0.01 
Stage 1  4  0.081  0.0088 0.018 0.034 0.011  0.0017  0.015 
Stage 1  6  0.15  0.016  0.029  0.05  0.019 0.0029 0.023 
Stage 1  8  0.14 0.014 0.024 0.045 0.017  0.0027  0.013 
Stage 1  10 0.083  0.0083  0.014  0.026  0.01  0.0016  0.006 
             
Resin Loading - approach to steady-state          
Stage 1  2  4.54  0.5000 1.3846 2.8462 0.6154 0.1077 0.7692 
Stage 1  4  6.23  0.6769 1.3846 2.6154 0.8462 0.1308 1.1538 
Stage 1  6  7.89  0.8421 1.5263 2.6316 1.0000 0.1526 1.2105 
Stage 1  8  10.00 1.0000 1.7143 3.2143 1.2143 0.1929 0.9286 
Stage 1  10  10.38 1.0375 1.7500 3.2500 1.2500 0.2000 0.7500 
             
Eluate Assays - Resin in Stages after 10 
hours   Eluate volume  1  litre            
Stage 1  10 2  0.21  0.34  0.68  0.2  0.0140  0.12 
Stage 2  10  1.2 0.12 0.24 0.48 0.19  0.0078  0.1 
Stage 3  10  0.62  0.06 0.14 0.29 0.14  0.0045  0.065 
Stage 4  10  0.75  0.088 0.24 0.53 0.24  0.0039  0.1 
Stage 5  10  0.43  0.044  0.17 0.4 0.16  0.0025  0.075 
 
 
Resin Loading Profile after 10 hours            
Stage 1  10  9.43  0.99 1.60 3.21 0.94 0.07 0.57 
Stage 2  10  7.69  0.77 1.54 3.08 1.22 0.05 0.64 
Stage 3  10  6.08  0.59 1.37 2.84 1.37 0.04 0.64 
Stage 4  10  3.61  0.42 1.15 2.55 1.15 0.02 0.48 
Stage 5  10  2.15  0.22 0.85 2.00 0.80 0.01 0.38  
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Metal on the Resin in Stages after 10 Hours (g)           
Sample 
Time 
 (hr)  
Ni  
(g) 
Co  
(g) 
Mn 
 (g) 
Mg 
 (g) 
Fe  
(g) 
Cu  
(g) 
Ca 
 (g) 
Stage 1  10 2  0.21  0.34  0.68  0.2  0.014  0.12 
Stage 2  10  1.2 0.12 0.24 0.48 0.19  0.0078  0.1 
Stage 3  10  0.62  0.06 0.14 0.29 0.14  0.0045  0.065 
Stage 4  10  0.75  0.088 0.24 0.53 0.24  0.0039  0.1 
Stage 5  10  0.43  0.044  0.17 0.4 0.16  0.0025  0.075 
  Total  5 0.522 1.13 2.38 0.93  0.0327  0.46 
             
Backmixing       (g/l)  Volume of solution   14  litres         
B/mixing     0.072  0.006  0.19  3.2  0.0067  0.0005  0.45 
 
 
Solids Profile after 10 hours               
   Al  Ca  Co  Cr  Fe  Mg  Mn  Ni      Si 
   (%)  (%)  (%)  (ppm)  (%)  (%)  (ppm)  (%)     (%) 
Feed  1.9 4.7  0.006  3100  16.1  0.7  600 0.14  17.5 
Stage 1  1.9 4.8  0.005  3100  16.4  0.6  500 0.12  18 
Stage 2  1.9 4.8  0.006  3250  16.6  0.5  450 0.14  18.4 
Stage 3  1.9 4.7  0.006  3050  16.1  0.7  550 0.12  17.6 
Stage 4  1.9 4.7  0.005  3050  16.2  0.8  600 0.12  17.9 
Stage 5  1.9 4.7  0.005  3100  16.4  0.6  500 0.12  17.9 
Tail  1.9 4.8  0.005  3300  16.9  0.5  450 0.15  17.9 
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2. Elution results  
 
Elution 1- Resin collected during the first 5 hours of operation 
 
Sample volume  10 ml 
      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
1 0.1  0.06  0.069  0.72  3.4  0.045  0  0.67 
2 0.2  0.2  0.023  0.39  2.4  0.022  0  0.6 
3 0.3  0.52  0.16  1.1  3.9  0.081  0  0.61 
4  0.4  0.52  0.34 1.6 3.8 0.16  0.0029  0.69 
5  0.5 1.3 0.11 0.3 0.46 0.08  0.0095  0.27 
6  0.6 2.5 0.55 1.6 2.7 0.33  0.032  0.75 
7  0.7 3.1 0.59 1.3 1.7 0.48  0.067  0.96 
8  0.8 2.9 0.55 1.2 1.6 0.48  0.065  0.98 
9  0.9 2.1 0.38 0.77 1.2 0.39  0.056  0.66 
10  1  2.3 0.38 0.81 1.3 0.41  0.057  0.72 
11  1.1 2.4 0.37 0.73 1.1 0.41  0.056  0.64 
12  1.2 2.3 0.34 0.6 0.99 0.43  0.067  0.52 
13  1.3 2.1 0.29 0.5 0.91 0.41  0.064  0.46 
14  1.4 1.8 0.24 0.44 0.87 0.36 0.057  0.42 
15  1.5 1.7 0.21 0.41 0.8 0.33  0.052  0.39 
16  1.6 1.7 0.2 0.37 0.6 0.31 0.05  0.34 
17 1.7  1.7  0.2  0.33  0.48  0.31  0.048  0.29 
18 1.8  1.7  0.19  0.28  0.36  0.3  0.046  0.23 
19  1.9 1.6 0.17 0.23 0.26 0.28 0.045  0.18 
20  2  1.5 0.15 0.17 0.18 0.27 0.043  0.12 
21  2.1 1.4 0.13 0.12 0.12 0.26 0.043  0.081 
22  2.2  1.4  0.11  0.072 0.078  0.26  0.044 0.051 
23  2.3  1.3  0.091 0.047 0.054  0.25  0.044 0.033 
24  2.4  1.1  0.072 0.029 0.036  0.25  0.046 0.021 
25  2.5  1  0.055 0.017 0.024  0.24  0.046 0.013 
26  2.6  0.89  0.038 0.009 0.013  0.22  0.045 0.007 
27 2.7  0.8  0.024  0.0024  0.0039  0.16  0.034  0.002 
28 2.8  0.72  0.016  0.0005  0.0014  0.11  0.022  0 
29 2.9  0.65  0.012  0  0.0008  0.081  0.014  0 
30 3  0.61  0.0091  0  0.0006  0.064  0.0097  0 
31 3.1  0.57  0.0074  0  0.0005  0.052  0.0071  0 
32 3.2  0.53  0.0065  0 0  0.045  0.0056  0 
33 3.3  0.49  0.0054  0 0  0.039  0.0045  0 
34 3.4  0.46  0.0048  0 0  0.034  0.0037  0 
35 3.5  0.44  0.0042  0 0  0.031  0.0032  0 
36 3.6  0.42  0.0038  0 0  0.029  0.0028  0 
37 3.7  0.4  0.0036  0 0  0.026  0.0024  0 
38 3.8  0.38  0.0032  0 0  0.024  0.0021  0 
39 3.9  0.37  0.0029  0 0  0.023  0.0019  0 
40 4  0.35  0.0027  0  0  0.021  0.0017  0 
41  4.1 0.3  0.002 0  0 0.016  0.0012  0 
42 4.2  0.27  0.0017  0 0  0.014  0.001  0 
43 4.3  0.27  0.0016  0 0  0.013  0.0009  0 
44 4.4  0.27  0.0015  0 0  0.013  0.0009  0 
45 4.5  0.26  0.0016  0 0  0.012  0.0008  0 
46 4.6  0.25  0.0015  0 0  0.011  0.0009  0 
47 4.7  0.34  0.0019  0 0  0.015  0.0011  0  
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      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
48 4.8  0.35  0.0018  0 0  0.014  0.0009  0 
49 4.9  0.32  0.0016  0 0  0.013  0.0007  0 
50 5  0.29  0.0014  0  0  0.012  0.0007  0 
51 5.1  0.26  0.0012  0 0  0.01  0.0006  0 
52 5.2  0.22  0.0011  0 0  0.0093  0.0006  0 
53 5.3  0.2  0.0009  0 0  0.0085  0.0006  0 
54 5.4  0.17  0.0008  0 0  0.0076  0.0006  0 
55 5.5  0.16  0.0007  0 0  0.0067  0 0 
56 5.6  0.15  0.0006  0 0  0.0061  0 0 
57 5.7  0.14  0.0006  0 0  0.0055  0 0 
58 5.8  0.13  0 0 0  0.0051  0 0 
59 5.9  0.12  0 0 0  0.0048  0 0 
60  6  0.11  0 0 0  0.0046  0 0 
61 6.1  0.11  0 0 0  0.0043  0 0 
62 6.2  0.11  0 0 0  0.0043  0 0 
     TOTAL  
(mg)     53.08  6.14  14.15  29.34  8.32  1.21  10.71 
 
 
 
Elution 2- Resin collected during the second 5 hours of operation – (i) 
 
Sample volume 10 ml 
      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
1 0.1  0.027  0.0053  0.083  0.57  0.0094 0  0.008 
2 0.2  0.36 0.061  0.47 2.3 0.054  0  0.041 
3 0.3 1.3  0.2 0.98 3.6  0.13  0.0006  0.078 
4 0.4 2.9  0.42 1.4  4.1  0.24  0.0074  0.093 
5 0.5 4.4  0.57 1.6  3.6  0.36  0.029  0.095 
6 0.6 5.6  0.68 1.6  3  0.45  0.056  0.098 
7 0.7 6.1  0.72 1.4  2.5  0.51  0.074  0.089 
8 0.8 6.5  0.69 1.3  2.2  0.53  0.083  0.079 
9 0.9 6.4  0.63 1.2  2.3  0.5 0.073  0.077 
10 1 6.3  0.63 1.2  2.1  0.51  0.076  0.074 
11 1.1 5.9  0.64  1.1  1.7  0.58 0.093 0.062 
12 1.2 5.9  0.61 0.87  1.4  0.63  0.11  0.05 
13 1.3 5.4  0.56 0.74  1.1  0.64  0.12 0.042 
14 1.4 4.8  0.5  0.64  1  0.62  0.12 0.037 
15 1.5 4.4  0.46 0.56 0.77  0.6  0.12 0.032 
16 1.6  4  0.41 0.41 0.47  0.59  0.11 0.022 
17 1.7 3.5  0.34 0.27 0.27  0.57  0.12 0.013 
18 1.8 2.9  0.27 0.15 0.15  0.55  0.12 0.0079 
19 1.9  2.2  0.2  0.08 0.083 0.52  0.11 0.0042 
20 2 1.7  0.14  0.041  0.048  0.46 0.1  0.0022 
21  2.1  1.4  0.1  0.023 0.029  0.39  0.082 0.0012 
22  2.2  1.2  0.072 0.013 0.017  0.32  0.065 0.0007 
23 2.3  1  0.052  0.0078  0.01  0.25 0.047  0.0004  
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      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
24 2.4 0.92  0.04  0.0051  0.0072 0.2  0.035  0.0003 
25 2.5 0.85 0.031  0.0031  0.0044 0.16 0.026  0.0002 
26 2.6 0.78 0.024  0.0021  0.003 0.13  0.02 0.0001 
27 2.7 0.73  0.02  0.0014  0.0022 0.11 0.015  0 
28 2.8 0.68 0.017  0.0009  0.0016  0.094  0.012  0 
29 2.9 0.65 0.014  0.0006  0.0012  0.082  0.0098  0 
30 3 0.61  0.012  0.0003  0.0009  0.072  0.0079 0 
31 3.1 0.57 0.0098  0  0.0005  0.063  0.0064  0 
32 3.2 0.55 0.0087  0  0.0005  0.057  0.0054  0 
33 3.3 0.52 0.0079  0  0.0005  0.052  0.0047  0 
34 3.4 0.5  0.007  0  0.0005  0.047  0.0041  0 
35 3.5 0.48 0.0062  0  0.0005  0.043  0.0036  0 
36 3.6 0.46 0.0057  0  0.0005 0.04 0.0032  0 
37 3.7 0.43 0.005  0  0.0006  0.037  0.0029  0 
38 3.8 0.42 0.0046  0  0.0005  0.035  0.0026  0 
39 3.9 0.4 0.0042 0 0.0005  0.032  0.0023  0 
40 4 0.38  0.0039 0  0  0.03  0.0022 0 
41 4.1 0.37 0.0036  0  0  0.028  0.0019  0 
42 4.2 0.36 0.0033  0  0  0.026  0.0018  0 
43 4.3 0.34 0.0032  0  0  0.025  0.0016  0 
44 4.4 0.33 0.0029  0  0  0.023  0.0015  0 
45 4.5 0.32 0.0027  0  0  0.022  0.0014  0 
46 4.6 0.32 0.0026  0  0  0.021  0.0013  0 
47 4.7 0.31 0.0024  0  0  0.02 0.0012  0 
48 4.8 0.3 0.0023 0  0  0.019  0.0011  0 
49 4.9 0.29 0.0021  0  0  0.018  0.0011  0 
50 5 0.28  0.002 0  0  0.017  0.001  0 
51 5.1 0.27 0.002  0  0  0.016  0.0009  0 
52 5.2 0.27 0.0019  0  0  0.016  0.0009  0 
53 5.3 0.25 0.0018  0  0  0.015  0.0008  0 
54 5.4 0.25 0.0016  0  0  0.014  0.0008  0 
55 5.5 0.24 0.0015  0  0  0.014  0.0007  0 
56 5.6 0.24 0.0015  0  0  0.013  0.0007  0 
57 5.7 0.23 0.0014  0  0  0.013  0.0007  0 
58 5.8 0.22 0.0013  0  0  0.012  0.0006  0 
59 5.9 0.22 0.0013  0  0  0.012  0.0006  0 
60 6 0.21  0.0012 0  0  0.011  0.0006 0 
61 6.1 0.21 0.0012  0  0  0.011  0.0005  0 
62 6.2 0.2 0.0012 0  0  0.01  0.0005  0 
63 6.3 0.2 0.0011 0  0  0.0099  0  0 
64 6.4 0.19 0.0011  0  0  0.0095  0  0 
65 6.5 0.19 0.0011  0  0  0.0091  0  0 
66 6.6 0.19 0.001  0  0  0.0089  0  0 
67 6.7 0.18 0.0009  0  0  0.0085  0  0  
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      Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
68 6.8 0.17 0.0009  0  0  0.0082  0  0 
69 6.9 0.17 0.0008  0  0  0.008  0  0 
70 7 0.16  0.0008 0  0 0.0075 0  0 
71 7.1 0.16 0.0008  0  0  0.0073  0  0 
72 7.2 0.16 0.0007  0  0  0.0071  0  0 
73 7.3 0.16 0.0008  0  0  0.0069  0  0 
74 7.4 0.15 0.0007  0  0  0.0067  0  0 
75 7.5 0.15 0.0008  0  0  0.0065  0  0 
76 7.6 0.15 0.0007  0  0  0.0063  0  0 
     
TOTAL 
(mg)     102.527  9.2385  16.1513  33.3421  11.7838  1.9013  1.0072 
 
 
Elution 3- Resin collected during the second 5 hours of operation – (ii) 
 
Sample volume 10 ml 
 
    Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
1  0.1  0.082  0.015  0.17  1 0.018 0 0.15 
2 0.2  0.92  0.14  0.74  2.9  0.094  0  0.57 
3  0.3 2.3  0.32 1.1  3.1 0.19  0.005  0.74 
4  0.4 3.5  0.46 1.2  2.8 0.28  0.02  0.78 
5  0.5 4.7  0.57 1.3  2.5 0.38  0.043  0.79 
6  0.6 5.7  0.66 1.3  2.2 0.45  0.058  0.76 
7  0.7 6.4  0.71 1.2  1.7 0.52  0.071  0.67 
8  0.8 6.9  0.72 1.1  1.4 0.61 0.1  0.57 
9  0.9 6.4  0.67  0.91 1.2 0.66  0.12  0.47 
10  1  5.2 0.54 0.68 0.95 0.63 0.12  0.36 
11  1.1  4 0.42  0.55 0.9 0.55  0.11  0.31 
12  1.2 3.5 0.37 0.53 0.95  0.5 0.089  0.31 
13  1.3 3.2 0.32 0.49 0.96 0.44  0.076  0.29 
14  1.4 2.9 0.29 0.46 0.89 0.41  0.069  0.27 
15  1.5 2.7 0.27 0.42 0.84 0.37  0.061  0.25 
16  1.6 2.5 0.25 0.39 0.84 0.35  0.056  0.24 
17  1.7 2.4 0.23 0.37 0.77 0.32 0.05  0.23 
18  1.8 2.3 0.22 0.35 0.75 0.31  0.046  0.21 
19 1.9  2.3  0.21  0.32  0.7  0.3  0.046  0.2 
20  2  2.2 0.2  0.3 0.59 0.3  0.048  0.18 
21  2.1 2.2 0.19 0.24 0.43 0.29  0.049  0.14 
22  2.2 2.1 0.17 0.17 0.29 0.29  0.052  0.092 
23  2.3 1.9  0.15  0.12 0.2 0.29  0.053  0.064 
24 2.4  1.7  0.12  0.073  0.14  0.3  0.058  0.041 
25 2.5  1.4  0.098  0.047  0.1  0.29  0.059  0.028 
26  2.6  1.2  0.074 0.031 0.075  0.28  0.058  0.019 
27  2.7  1  0.055 0.02 0.056 0.27 0.057  0.013 
28  2.8 0.88 0.04 0.012  0.036 0.24 0.052  0.008 
29 2.9  0.78  0.029  0.0071  0.023  0.2  0.044  0.005 
30 3  0.7  0.02  0.0039  0.014  0.15  0.034  0.003 
31 3.1  0.64  0.015  0.0022  0.0092  0.12  0.023  0.002 
32  3.2  0.58 0.011  0.0015  0.007 0.087 0.016  0.001 
33  3.3  0.54  0.0085 0.0012 0.0057  0.068  0.011  0 
34  3.4  0.49 0.0069 0.001 0.0048 0.055 0.0077  0  
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    Ni  Co  Mn  Mg  Fe  Cu  Ca 
Sample   BV  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l)  (g/l) 
35  3.5  0.46  0.0056 0.0008 0.0043  0.046  0.0059  0 
36  3.6  0.43  0.0051 0.0007 0.0038  0.041  0.0047  0 
37  3.7  0.41  0.0044 0.0007 0.0035  0.036  0.0039  0 
38  3.8  0.39  0.0039 0.0006 0.0031  0.033  0.0032  0 
39  3.9  0.37  0.0035 0.0005 0.0026  0.029  0.0028  0 
40  4  0.35  0.003 0.0004  0.0022 0.027 0.0024  0 
41  4.1  0.33  0.0027 0.0003 0.0019  0.024  0.002  0 
42  4.2  0.32  0.0026 0.0003 0.0017  0.023  0.0018  0 
43  4.3  0.3  0.0023 0.0003 0.0015  0.021  0.0016  0 
44  4.4  0.29  0.0021 0.0003 0.0014  0.019  0.0014  0 
45  4.5  0.28  0.0019 0.0003 0.0013  0.018  0.0013  0 
46  4.6  0.26  0.0018 0.0002 0.0013  0.017  0.0012  0 
47  4.7  0.25  0.0016 0.0002 0.0012  0.016  0.0011  0 
48  4.8  0.24  0.0015 0.0002 0.0011  0.015  0.001  0 
49  4.9 0.23  0.0014  0  0.001  0.014  0.0009 0 
50 5  0.22  0.0013  0  0.0009  0.013  0.0008  0 
51  5.1 0.22  0.0012  0  0.0009  0.012  0.0008 0 
52  5.2 0.21  0.0011  0  0.0008  0.012  0.0007 0 
53 5.3  0.2  0.0011  0  0.0008  0.011  0.0007  0 
54 5.4  0.2  0.001  0  0.0007  0.011  0.0006  0 
55  5.5  0.19 0.001  0  0.0007 0.01 0.0006  0 
56  5.6 0.38  0.0026  0  0.0022  0.016  0.0008 0 
57  5.7  1.6  0.012 0 0.011  0.049  0.0019  0 
58 5.8  1.5  0.011  0  0.0095  0.045  0.0017  0 
59  5.9  1.3 0.0096  0  0.0076 0.04 0.0014  0 
60 6  1  0.0068  0  0.0059  0.033  0.0012  0 
61  6.1  0.58  0.0039  0  0.004 0.024 0.001  0 
62  6.2 0.28  0.0019  0  0.0021  0.016  0.0007 0 
63  6.3  0.11  0.0007 0 0.0008  0.0084 0  0 
64  6.4  0.05  0 0 0  0.0047  0  0 
65  6.5  0.035  0 0 0  0.0035  0  0 
66  6.6 0  0.001 0 0.012  0.0062  0  0 
 TOTAL  
(mg) 
99.20 8.67  14.62 29.42 11.31  1.81  8.77 
 
 
 